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ABSTRACT 
In polymorphic social insects, morphologically differentiated workers (subcastes) 
are thought to increase ergonomic efficiency by performing specialized tasks, thus 
enhancing colony-level fitness consequences of division of labor. Worker behavioral 
performance is thus considered to be coupled with morphology through selection for 
division of labor as an adaptive response to environmental challenges. Selective forces 
shape neuroanatomy by acting on behavior, presumably enabled by brain size and 
circuitry. Morphologically and behaviorally differentiated worker phenotypes are 
therefore predicted to reflect neuroanatomical differentiation in patterns of brain 
investment, and cellular organization in the brain is predicted to evolve in association 
with social roles. The extent to which morphology, brain structure, and behavior are 
coupled in insect societies within and across reproductive castes and worker subcastes, 
however, is unclear.  
Ant species that show exceptional worker size variation offer excellent systems to 
examine the adaptive evolution of physical subcastes, task specialization, and the social 
  viii 
brain. Species from two sister myrmicine ant genera, Pheidole and Cephalotes, that 
exhibit remarkable variation in worker size and apparent task specialization were used as 
models to test hypotheses concerning the integration of morphology, neuroanatomy, and 
behavior within and between castes and worker subcastes. Investigations of the basal 
Pheidole rhea suggest the ancestral social organization of this genus was characterized by 
minor workers and polymorphic soldiers that have diverged in morphology and brain 
scaling relationships, but overlap in behavioral repertoire, aspects of task performance, 
and synaptic organization. In both P. dentata and P. morrisi, which differ in 
morphological and neuroanatomical specialization of subcastes, patterns of synaptic 
organization were consistent with experience-related synaptic pruning in association with 
age-, subcaste-, and species-specific behavioral differences. Similar patterns indicative of 
synaptic remodeling were found in Cephalotes varians, an exemplar of morphological 
and behavioral specialization. C. varians also displayed brain scaling relationships 
consistent with caste and subcaste neuroecology, supporting the developmental origin of 
soldiers as queen-worker intermediates. Together, these studies suggest relationships 
between morphological, neuroanatomical, and behavioral traits, and the extent of their 
specialization, vary in unexpected ways within and across myrmicine ant taxa. 
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CHAPTER ONE: INTRODUCTION AND OVERVIEW 
 
Animal phenotypes are comprised of suites of adaptive morphological, 
behavioral, and neuroanatomical traits. Understanding how selection for behavioral traits 
has been integrated with functional morphology and neuroarchitecture is important to 
understanding phenotypic evolution (Holekamp et al., 2013; Tsuboi et al., 2014; Kern et 
al., 2016). Phenotypic integration of morphology, neuroanatomy, and behavior is 
exemplified by the diverse mechanisms influencing caste evolution and development in 
ant polyphenisms (Lillico-Ouachour & Abouheif, 2016; Trible & Kronauer, 2017) that, in 
turn, generate complex societies characterized by a division of labor in which individuals 
are adaptively specialized for social roles. The primary division of labor is reproductive: 
one or a few individuals reproduce and sterile female offspring are workers that perform 
tasks required for the growth and maintenance of the colony. Workers can be further 
specialized based on factors such as group size (Gautrais et al., 2002; Thomas & Elgar, 
2003; Amador-Vargas et al., 2015), response thresholds (Beshers & Fewell, 2001; 
Hasegawa et al., 2016), experience (Ravary et al., 2007), spatial organization (Mersch et 
al., 2013), and/or strikingly different functional morphologies (Wilson, 1974; Hasegawa, 
1993; Powell & Franks, 2006; Powell, 2009, 2016; Huang, 2010; Peeters et al., 2013). 
Most ants are monomorphic and worker polymorphism is rare (Oster & Wilson, 1978; 
Bourke & Franks, 1995; Fjerdingstad & Crozier, 2006). However, the systems of 
morphological differentiation associated with worker task specialization, such as those of 
Eciton army ants (Powell & Franks, 2006) and leaf-cutter ants Atta sexdens (Wilson, 
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1980) are among the most extraordinary. Theoretically, worker polymorphism enhances 
ergonomic efficiency through morphological and behavioral specialization (Oster & 
Wilson, 1978; Hölldobler & Wilson, 1990). Because the brain mediates behavior 
associated with specialized morphology, the integration of bodies, brains, and behaviors 
has important functional consequences for colony fitness. 
Ant brains, like all brains, have functionally specialized and anatomically distinct 
regions (Gronenberg, 2008). Presumably, their evolution - a balance of mosaic and 
conserved processes that shape the relative sizes of the different compartments (Striedter, 
2005; Ilieş et al., 2015) - is affected by living in a complex society (Gronenberg & 
Riveros, 2009; Riveros et al., 2012; Feinerman & Traniello, 2015; Kamhi et al., 2016). 
Studies have previously focused on the proportional allocation of neuropil to different 
functional regions to make inferences about the neurobiological basis of behavior 
(Muscedere & Traniello, 2012; Ilieş et al., 2015; Bulova et al., 2016; Kamhi et al., 2016). 
Although valuable, volumetric studies do not necessarily provide detail and behaviorally 
relevant neurobiological metrics (Healy & Rowe, 2007; Lihoreau et al., 2012). Cellular 
studies can provide important information on circuitry, which may be more proximate to 
behavioral variation. In ants, examinations of synaptic complexes (MG) formed from 
sensory projection neuron boutons and MB intrinsic Kenyon cells have described the 
influences of rearing temperature (Falibene et al., 2016), light exposure (Stieb et al., 
2010, 2012; Yilmaz et al., 2016), age (Giraldo et al., 2016), body size (Groh et al., 2014), 
and social complexity (Kamhi et al. 2017) on MG density, size, and number.  
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My dissertation research leverages the exceptional polymorphism of two 
myrmicine sister genera, Pheidole and Cephalotes (Moreau et al., 2006; Moreau, 2008), 
to advance our understanding of phenotypic integration in social animals. Both Pheidole 
and Cephalotes are characterized by extreme worker polymorphism. In Pheidole, the vast 
number of species are completely dimorphic: small-bodied, task-generalist minor workers 
comprise the majority of the sterile worker caste, and larger “majors” (also called 
“soldiers”) have disproportionately large heads, are more behaviorally specialized, and 
make up a smaller fraction of the colony work force. There is great variability across 
species and their distribution in the these sociobiological traits (Wilson, 2003; Yang et 
al., 2004; Mertl & Traniello, 2009; McGlynn et al., 2012). For example, despite 
overlapping in geographical range, P. dentata and P. morrisi differ in colony size, 
subcaste demography, morphological and behavioral specialization, and brain 
composition (Wilson, 1976a, 1984, 2003; Patel, 1990; Yang et al., 2004; Muscedere & 
Traniello, 2012). In at least eight Pheidole species occurring in the North American 
southwest deserts, a third size class of worker, the supersoldier, has evolved. 
Supersoldiers are extremely large, relatively rare within colonies, and may serve 
specialized behavioral functions (Huang, 2010; Huang & Wheeler, 2011). One such 
species, P. rhea, has colonies larger than 30,000 workers, produces soldiers and 
supersoldiers within three months of colony foundation (Huang & Wheeler, 2011), and 
are known to be voracious granivores and predators of other insects (Creighton, 1966; 
Johnson, 2000).  
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Cephalotes is the sister genus to Pheidole (Moreau et al., 2006; Moreau, 2008), 
and has great variation in the morphological diversity of its worker caste, with species 
ranging from monomorphic to completely dimorphic (de Andrade & Baroni Urbani, 
1999; Powell, 2008). Specialized head morphology  in Cephalotes soldiers is a product of 
ecological specialization and is functionally associated with specialized nest-entry 
defensive behavior (Powell, 2008, 2009, 2016; Powell & Dornhaus, 2013; Planqué et al., 
2016). In C. varians, soldiers have a shield-shaped head, act as “living doors,” and rarely 
perform other tasks (Wilson, 1976b; Cole, 1980). The specialized morphology and 
behavior of soldiers is also shared with founding queens (S. Powell personal 
communication).  
I used polymorphic species of Pheidole and Cephalotes as models to test 
hypotheses concerning the integration of morphological, neuroanatomical, and behavioral 
traits in relation to specializations associated with division of labor. In Chapter 2, I 
examine how workers are appropriately categorized based on body morphology, brain 
organization, and behavior, and whether these traits are integrated within and discretized 
across worker size variation in the soldier polymorphic P. rhea. I accomplished this by 
applying novel analyses of morphology and behavior. I gathered data on relative size and 
shape from museum specimens of P. rhea workers and proportional volume data from 
brain regions of laboratory-reared workers. Because my questions focused on how these 
traits may be integrated within and across size-variable workers, and because size classes 
of P. rhea are determined by head width, I used a hierarchical approach to cluster 
observations of relative morphological and neuroanatomical characteristics without a 
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priori assignment into size class. These analyses of morphological and neuroanatomical 
datasets identified two significant clusters: minor workers and polymorphic soldiers. I 
also used an innovative set of analyses typically applied to ecological datasets to explore 
richness, diversity, and similarity among behavioral repertoires of different size classes of 
workers. These analyses show considerable overlap in behavioral repertoire across size 
classes, but subtle differences in estimated repertoire size and proportion of observations 
in ergonomically significant categories. The significance of these findings is discussed in 
the context of P. rhea’s basal position in Pheidole phylogeny and associated conserved 
traits. 
In Chapter 3, P. rhea worker behavior is examined in relation to MG organization 
within brain regions (MBCs) thought to support cognitively demanding activity. Three 
extranidal behaviors were assayed in field-collected workers: trail pheromone detection 
and following, nest search pattern generation, and nestmate recognition. Overall, P. rhea 
size-variable workers perform these behaviors similarly. A second group of field 
collected workers were used to correlate these behavioral performance results with MG 
structure and organization. I found that supersoldiers had significantly larger and less 
dense MG compared to the other worker size classes. However, when the average volume 
of MBCs (see Chapter 2) were used to estimate the total number of MG per hemisphere, 
there were no significant differences in these synaptic complexes among worker size 
classes. Conserved synaptic organization may influence behavioral plasticity, but it does 
not appear to be associated with behavioral repertoire or neuroanatomical and 
morphological phenotypes.  
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Chapter 4 reports on the results of the effects of species, subcaste, and age on 
synaptic organization in higher-order processing regions of the brain using two dimorphic 
species, P. dentata and P. morrisi. I hypothesized that MG structure and organization 
vary according to species, subcaste, and age in association with behavioral 
specializations. I found that subcaste patterns were contrary to my hypotheses, as soldiers 
had more densely packed MG and mature soldiers had more estimated total MG than any 
other group. Species patterns of MG density and number corresponded to constraints 
imposed by brain size. And age-related patterns of synaptic pruning and bouton 
expansion were consistent with previous work (Seid et al., 2005; Stieb et al., 2010, 2012; 
Groh et al., 2012; Kamhi et al., 2017) The significance of these results are discussed in 
terms of behavioral experience and ecological factors.  
Chapter 5 describes neurobiological specialization as it corresponds to extreme 
morphological and behavioral specialization in Cephalotes, the sister genus of Pheidole. 
Brain size and scaling patterns indicate that soldier brains are intermediate in structure 
between minor workers and gynes. Soldier MG structure and organization are identical to 
gynes, which are both significantly denser, smaller, but more numerous than minor 
worker MG. I interpret these patterns in light of models of brain evolution, the 
developmental origin of soldiers, and the role of experience in synaptic pruning.  
My dissertation concludes (Chapter 6) by synthesizing this assemblage of studies 
in respect to division of labor, caste specialization, and brain evolution.  
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CHAPTER TWO: BEHAVIOR, BRAIN, AND MORPHOLOGY IN A COMPLEX 
INSECT SOCIETY: TRAIT INTEGRATION AND SOCIAL EVOLUTION IN 
THE EXCEPTIONALLY POLYMORPHIC ANT PHEIDOLE RHEA 
 
ABSTRACT 
Polyphenisms in social insects typically arise from flexible developmental 
mechanisms that may produce morphologically and behaviorally specialized workers. 
The ant genus Pheidole is typically characterized by small minor worker and large soldier 
subcastes, but a third supersoldier size class has evolved in several species, including the 
exceptionally polymorphic Pheidole rhea. To examine worker phenotype evolution in 
this socially complex ant, I tested the hypotheses that behavior, brain structure, and 
morphology are integrated within worker size classes, and that traits have been 
discretized among these groups due to selection for specialized social roles. Analyses 
revealed significant differences in brain structure and body shape between minor workers 
and the two larger soldier size classes. Although behavioral repertoires of minors, 
soldiers, and supersoldiers were similar, minors performed important tasks at higher 
frequencies than soldiers and supersoldiers. The extensive overlap in behavioral 
repertoire between soldier and supersoldier size classes correlated with shared 
neuroanatomical and morphological traits. Although head size varies allometrically 
across P. rhea size classes, scaling analyses across all worker sizes revealed little 
allometry in brain substructure. The lack of distinction in behavior and brain organization 
between the two larger-bodied soldier groups suggests that any functional significance of 
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these workers in P. rhea ecology may be due to differences in task performance rate or 
efficiency rather than variation in task repertoire. The basal position of P. rhea in the 
phylogeny of Pheidole and patterns of worker phenotypic plasticity suggest this species 
exhibits an ancestral state of sociobiological and neurobiological organization that served 
as a ground plan for diversification in this ecologically dominant ant genus. 
 
INTRODUCTION 
Suites of adaptive behavioral traits are often associated with variation in 
neuroanatomy and morphology, and correlated selection for these traits is significant to 
phenotypic evolution (Powell & Leal, 2012; Holekamp et al., 2013; Tsuboi et al., 2014). 
Developmental plasticity is especially important to trait integration because multiple 
levels of phenotypic organization can be coordinated through interacting responses at 
genetic, epigenetic, and neuroendocrine levels (Murren, 2012; Wund, 2012; Ellers & 
Liefting, 2015). Such effects are illustrated by social insect caste determination, caste 
proliferation, and their relationships to behavioral repertory. Interactions between 
hormonal states and genotypic and genomic plasticity influence adult morphology, brain 
gene expression, and social role flexibility in various eusocial species (Lucas & 
Sokolowski, 2009; Ament et al., 2010; Schwander et al., 2010; Friedman & Gordon, 
2016; Simola et al., 2016; Hamilton et al., 2017). 
The origin of social insect worker phenotypes is of particular interest in the 
ecology of social evolution given its prominence in species diversification (Oster & 
Wilson, 1978; Wilson, 2003; Planqué et al., 2016). Selection acting on worker 
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phenotypes is hypothesized to impact fitness through morphological caste differentiation 
and collateral task specialization (Fjerdingstad & Crozier, 2006; Powell, 2016), adaptive 
demographic distributions (Yang et al., 2004), social networks (Mersch et al., 2013; 
Mersch, 2016), patterns of task allocation (Gordon, 2010), as well as collective action 
and other emergent colony-level properties (Gautrais et al., 2002; Langridge et al., 2008; 
Dornhaus et al., 2012; Jandt et al., 2013). Division of labor in socially complex 
polymorphic species concerns the evolution of behavioral specialization among 
physically differentiated workers (subcastes) that is hypothesized to increase ergonomic 
efficiency and thus enhance colony fitness (Oster & Wilson, 1978; Wilson, 2003; Powell, 
2016). By examining phenotypic integration in species with polymorphic workers, 
significant questions concerning the degree of association of task performance, brain 
evolution, and morphological differentiation can be addressed.  
Ants are an exceptional rich eusocial insect clade that includes a relatively small 
number of genera and species exhibiting striking and sometimes extreme worker 
polymorphism (Fjerdingstad & Crozier, 2006). Ecologically diverse and evolutionarily 
successful, they offer excellent social models to gain novel insights into phenotypic 
integration. Moreover, exceptional polymorphism provides opportunities to explore brain 
evolution in respect to selection for adaptive morphological and behavioral variation 
(Gronenberg & Riveros, 2009; Riveros et al., 2012; Ilieş et al., 2015). Patterns of worker 
brain scaling may vary according to ecological challenges, and be reflected in differences 
in sensory perception, higher-order processing, and/or motor demands required for task 
performance (Sulger et al., 2014; Bulova et al., 2016; Kamhi et al., 2016). 
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Mosaic brain structure underpinning sociobiological variation in subcaste-related 
division of labor and behavioral development has been found in the hyperdiverse ant 
genus Pheidole (Muscedere & Traniello, 2012; Ilieş et al., 2015), which is typically 
characterized by a completely dimorphic worker caste of task-generalist minor workers 
and larger workers, often  termed majors or “soldiers” (the latter term used herein) that 
may show different degrees of specialization. The evolution of the soldier subcaste is 
thought to be key to the remarkable diversification of the genus (Wilson, 2003; Lillico-
Ouachour & Abouheif, 2016), which includes ecological dominance across diverse 
biomes (Economo et al., 2014). Pheidole species differ in specialized worker 
morphologies (Pie & Traniello, 2007; Mertl & Traniello, 2009; McGlynn et al., 2012; 
Holley et al., 2016), subcaste demography (Mertl et al., 2010; Wills et al., 2014), 
repertoire breadth (Wilson, 1984), and behavioral plasticity (Brown & Traniello, 1998; 
Mertl & Traniello, 2009; Sempo & Detrain, 2010). The development of dimorphic 
Pheidole subcastes is regulated by the reprogramming of critical size and growth 
parameters through a juvenile hormone (JH)-mediated sensitive period (Wheeler & 
Nijhout, 1981, 1983; Wheeler, 1991; Nijhout & Wheeler, 1996). Alterations of this 
developmental system have been implicated in the independent evolution of a third 
worker size class of supersoldiers in at least eight Pheidole species (Moreau, 2008; 
Rajakumar et al., 2012). Supersoldiers are larger in size than soldiers, may have 
allometrically large heads, are demographically rare in colonies; and could have highly 
specialized social roles (Huang, 2010; Huang & Wheeler, 2011). However, JH-regulated 
developmental modules may be conserved between soldiers and supersoldiers, as 
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suggested by shared traits such as larval size and the presence of vestigial wing discs 
(Rajakumar et al., 2012) and may influence behavioral as well as morphology. 
I examined trait integration within worker size classes of P. rhea and their 
discretization of traits in respect to social behavior. In this species, morphological 
variation between minor workers and the two larger-bodied worker size classes is 
discrete, and although the size distribution of soldiers and supersoldiers appears to be at 
most bimodal, head size scales allometrically to body size, supporting the morphological 
distinction of supersoldiers as well (Huang & Wheeler, 2011). I tested the hypothesis that 
selection for distinct social roles has resulted in divergence in brain structure and worker 
morphology across body size variation. I describe the organization of worker phenotypes 
in regard to differentiation in behavioral repertoire, brain anatomy, and body shape to 
better understand phenotypic integration and plasticity in this highly polymorphic insect 
society. 
 
METHODS 
Ant collection and culture 
Three P. rhea lab colonies (each ~30,000 workers), initiated by foundresses 
collected by Dr. M. Huang in the foothills of the Pajarito Mountains and Santa Rita 
Mountains in Santa Cruz County, AZ were cultured in the lab at University of Arizona 
for at least three years before use in the present study. Colonies were maintained at 28°C 
in constant darkness inside an artificial nest constructed of test tubes partially filled with 
water and fitted with tight cotton plugs, and were fed cockroaches and sunflower seeds 
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three times a week. One of these colonies was transferred to Boston University for 
behavioral observations and was maintained in the lab for an additional two years at 
25°C, 65% humidity with a 12h:12h light: dark regime and fed 1M sucrose and live 
wingless fruit flies or mealworms and sunflower, flax, and chia seeds on alternate days. 
Colonies were housed in three connected plastic boxes (30cm x 20cm coated with 
Fluon®). A large dental stone nest (23cm x 18cm) outfitted with an embedded plastic 
irrigation tube connected to a reservoir to keep the nest humid formed the center box. 
This primary nest contained a series of different-size chambers with a red acetate film-
covered Plexiglas® top to facilitate observations. On one side, the center box was 
connected to a foraging arena in which food was provided, and on the other side two 
smaller dental stone chambers (10cm x 10cm each) served as auxiliary nests. For all 
studies, workers approximating in size three modes of worker head widths (minor = 
0.75mm, soldier = 2.0mm, supersoldier = 3.0mm) were sampled, according to description 
of size variation in P. rhea worker groups (Huang & Wheeler, 2011).  
  
Morphological measurements 
 Consistent with prior research on size variation in P. rhea (Huang & Wheeler, 
2011), I use the term soldier-polymorphic to describe the worker caste system of this 
species, while acknowledging that the functional ecology of worker size classes and their 
task arrays are not fully understood. To analyze the distribution of morphological 
characters associated with worker size variation, 18 measurements (Pie & Traniello, 
2007) of the head and mesosoma were recorded to the nearest 0.02mm from individual P. 
  
13 
rhea workers (N = 10 per worker size class) in the ant collection of the Museum of 
Comparative Zoology at Harvard University. Because this required morphological 
measurements, I could not be blind to the size class categorization of each specimen. 
Average measurements for each size class are provided in Appendix 1. I focused on 
relative differences in body size and shape across workers in P. rhea, herein termed 
relative morphological characteristics as a compliment to traditional allometric studies 
that have established break points between size classes. Since body size differs 
dramatically across the worker size range, I reduced its effect in my analyses by 
recombining linear measurements (Table 2.1). Head width was measured at the widest 
point posterior to the eyes. I retained pronotal width (PW) as a body size indicator 
(Kaspari & Weiser, 1999) because of the importance of size in distinguishing features 
across worker groups. 
Worker size and behavioral repertoire 
To quantify within-nest and outside-nest behaviors of workers in each size class, 
data were collected using focal individual sampling. The nest was divided into zones that 
were randomly selected to record behavior. Ten minute observations of focal workers (N 
= 24 per worker size class) in a queenright P. rhea lab colony (>10,000 individuals) were 
recorded by viewing ants with a swing arm microscope at 7x magnification. The goal of 
these observations was to establish behavioral profiles for worker groups; therefore, I 
could not be blind to the size class of focal individuals. Observations were logged on a 
voice recorder while the colony was in an undisturbed state. A surgical mask was worn 
during observations because P. rhea workers react strongly to air currents and carbon 
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dioxide. The colony used to quantify worker repertories was generated from a mated 
foundress collected by Dr. M. Huang. Sampling additional colonies was not possible due 
to a lack of other colonies originating from founding queens and the inability to collect 
incipient and/or mature colonies of P. rhea, which naturally nest deep within rocky 
foothills. Nevertheless, I believe that the worker size-related behavioral profiles I present 
reflect robust sampling and accurately describe the P. rhea repertoire, allowing me to 
relate behavior to worker size and brain structure. Results of complementary studies of 
behavioral performance by P. rhea workers (Gordon et al., 2017a in prep.) support the 
repertoire compositions described here. 
Brain size and structure 
 Brains of fully sclerotized (mature) workers were sampled from the three mature 
Arizona laboratory colonies over the course of three weeks. P. rhea worker brains (N = 
20 per worker size class) were processed using a modified immunohistochemistry 
protocol (Ott, 2008; Kamhi et al., 2016). Brains were dissected in ice cold HEPES-
buffered saline (HBS) and fixed in 1% zinc formaldehyde overnight at 4°C on a shaker. 
For temporary storage (<1 month), brains were kept in 0.1M cacodylate buffer. Brains 
were then washed in HBS (6 x 10 minutes), transferred to Dent’s fixative (4:1 methanol: 
dimethyl sulfoxide) for one to two hours and stored in 100% methanol until further 
processing. Brains were rehydrated in 0.1M Tris buffer before blocking for 1 hour in a 
normal goat serum (NGS) solution (PBSTN) (5% NGS + 0.005% sodium azide in 0.2% 
Triton-X phosphate buffered saline [PBST]). I used a monoclonal Drosophila synapsin I 
antibody (SYNORF1, AB_2315426) purchased from the Developmental Studies 
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Hybridoma Bank (catalogue 3C11) as the primary antibody. After blocking, brains were 
incubated for four nights in primary antibody diluted 1:30 in PBSTN at 4°C on a shaker. 
Subsequently, brains were washed in 0.2% PBST (6 x 10 minutes) and incubated for an 
additional three nights in AlexaFluor488 (ThermoFisher) goat anti-mouse secondary 
antibody (1:100 in PBSTN) wrapped in foil at 4°C on a shaker. After secondary 
incubation, brains were washed (6 x 10 minutes in 0.2% PBST) and dehydrated in an 
increasing concentration of ethanol in PBS (5 minutes each in 30%, 50%, 70%, 95%, 
100%, 100%) before clearing and mounting with methyl salicylate in custom stainless 
steel well slides. Stained brains were imaged on an Olympus Fluoview BX50 laser 
scanning confocal microscope with a 20X objective and optically sectioned in the 
horizontal plane (3.1µm steps). Due to the refractive index mismatch between air and 
methyl salicylate, images were corrected along the z-axis (by a factor of 1.59) to give the 
true section thickness of ~5µm (Muscedere & Traniello, 2012). Corrected images were 
manually segmented in Amira (FEI v 6.0) to generate volumes of functionally distinct 
brain regions for one hemisphere of each brain: optic lobe (OL, visual input), antennal 
lobe (AL, olfactory input), mushroom body calyces (MBC, sensory integrative input), 
mushroom body peduncle and lobes (MBP, integrative output and modulation), central 
body (CB, spatial and locomotor integration), and subesophageal zone (SEZ, head 
movement and gustation), in addition to the rest of the undifferentiated central brain 
(ROCB). Regions that spanned both hemispheres (CB and SEZ) were traced in full and 
their volumes were divided by half to equate to one hemisphere. The relative investment 
of each of six functional subregions defined earlier was calculated by dividing the 
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volume of the region of interest by the volume of the whole hemisphere. Mean volumes 
and relative investment for each region per size class are provided in Appendix 2. Images 
were coded prior to segmentation to blind the observer during image processing of the 
identity of each individual. 
Statistical analysis of morphological and neuroanatomical traits 
All analyses were conducted in R (version 3.1.3). Unsupervised cluster analysis 
was used to reveal natural groups among P. rhea workers based on their relative 
morphological or neuroanatomical measurements, irrespective of size class assignment. 
A hierarchical rather than partitional approach was used because such methods do not 
require specifying the number of clusters in advance and are typically deterministic. 
Similarly, I had no a priori expectation on the shapes, sizes, or degree of separateness of 
clusters; therefore, the average linkage algorithm was used. Among agglomerative 
hierarchical methods, this algorithm has the advantage of being able to distinguish 
between weakly separated clusters without being overly sensitive to outliers. 
Additionally, since the two data sets examined here were of small to moderate 
dimensionality (6 and 15, respectively) and consisted of similarly scaled variables 
(relative measurements), the standard Euclidean distance was employed. The package 
pvclust was used to assign approximately unbiased (AU) P-values with standard error 
(SE) that are less biased than bootstrap probability, with multiscale bootstrapping (N = 
10,000 iterations) (Suzuki & Shimodaira, 2006). The optimal number of clusters was 
verified by the consensus of 27 indices as implemented by package NbClust (Charrad et 
al., 2014). Following cluster analysis, a supervised random forest feature selection 
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package, Boruta (Kursa & Rudnicki, 2010), was used to determine the relevance of the 
different variables for cluster assignment. This was done in part by generation of shadow 
attributes (min, mean, and max in Figs 1b and 3b) used as a reference for the relevance of 
cluster variables. Any variable with an importance measure (Z-score) below that of the 
maximum value of the shadow attribute was deemed unimportant to classification (Kursa 
& Rudnicki, 2010).  
 To further describe scaling relationships (slope, shift, elevation) of brain regions 
with the rest of the hemisphere (RH = OL + AL + MBC + MBP + CB + SEZ + ROCB – 
region of interest), standard major axis regression analysis (SMA) was used to compare 
cluster assignments using the package smatr (Warton et al., 2006). If groups based on 
cluster assignment had similar slopes (shared β) as indicated by a Chi-squared test (χ2), 
95% confidence intervals (CI) were calculated. Furthermore, differences among shifts 
along the x-axis (axis shift), indicating differences in mean size, and elevation (grade 
shifts), which indicate differences in relative region size at a similar RH size, were 
examined using a Wald statistic (W2). 
Statistical analysis of worker behavioral repertoires 
Estimates of behavioral repertoire sizes and degree of overlap were made using 
iNEXT and SpadeR in R (Chao et al., 2016; Hsieh et al., 2016), adapting species 
diversity and assemblage similarity for the behavioral data analysis. Behaviors were thus 
treated as “species,” observed acts per behavior as counts of “individuals,” and size 
classes as “sites” in generating sample-based abundance data. In addition to asymptotic 
richness estimators (Chao et al., 2014a), the Simpson diversity index was used to assess 
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behavioral diversity within each size class (Simpson, 1949; Magurran, 2004), and the 
Horn size-weighted measure was used to describe repertoire similarity across size classes 
by weighing behavioral observations by their abundances to mitigate the influence of 
frequently performed behaviors (Chao et al., 2014b; Chiu et al., 2014). Additionally, I 
combined observed acts into the following socially and ergonomically significant 
behavioral categories: hygiene and prophylaxis (self-grooming and removal of dead); 
social contact and interaction (allogrooming, antennation, and trophallaxis); brood care 
(all brood-directed behavior, encompassing nursing and related alloparental acts); 
foraging, food transport and processing (all food-collection behavior); movement 
(walking, climbing, lifting and carrying nestmates; defensive posturing (adopting a threat 
posture with flared mandibles and gaster positioned beneath the mesosoma); and 
inactivity (absence of recordable behavior). Chi-squared tests of equality were used to 
test the null hypothesis that the proportion of acts in each category were equal across 
worker size classes. These proportions are provided in Appendix 3. If the null hypothesis 
was rejected, pairwise Pearson’s chi-square tests of proportions were calculated with 
adjusted P-values (Holm, 1979) to detect size-related differences. 
 
RESULTS 
Worker morphology 
 A consensus of 14 of 27 indices determined that the optimal number of trait 
clusters (range: 1-15) in worker size distribution data was two. Hierarchical clustering 
with multiscale bootstrap resampling indicated the two largest clusters were supported in 
  
19 
more than 95% of replicates (cluster 1: AU P-value = 0.99, SE = 0.001, cluster 2: AU P-
value = 0.99, SE = 0.001). The first cluster consisted of all minor workers and the second 
cluster contained soldiers and supersoldiers (Figure 2.1a). Variable relevance rejected 
only TCM/MAL and ALH/PW as unimportant in defining the two cluster assignments 
(Fig. 2.1b).  
Worker size and behavioral repertoire 
 Estimated repertoire richness and diversity was calculated for each worker size 
class based on the number of acts observed for each group (N ≈ 500). Coverage was 
estimated above 99% for all three worker groups (Chao and Jost 2012; Figure 2.2). 
Estimates of repertoire richness (± SE) varied across size classes (minors: 27.99 ± 5.28; 
soldiers: 18.10 ± 0.38; supersoldiers: 17.0 ± 3.74). I found low Simpson’s Diversity 
indices (1/D ± SE) for all workers (minors: 6.09 ± 0.50; soldiers: 6.51 ± 0.27; 
supersoldiers: 6.58 ± 0.22), which could be explained by a few overrepresented tasks, 
such as grooming, across all groups. Substantial overlap in behavioral repertoire via Horn 
size-weighted similarity indices (± SE) was found in pairwise comparisons across size 
classes (minor – soldier: 0.72 ± 0.03; minor – supersoldier: 0.70 ± 0.04; soldier – 
supersoldier: 0.93 ± 0.01). This overlap, especially between soldiers and supersoldiers, 
was also evident in analyses of proportions of acts in behavioral categories (Table 2.2). 
Soldiers and supersoldiers did not significantly differ from each other in hygiene and 
prophylaxis or social contact and interaction, and engaged significantly more in these 
behaviors compared to minor workers. There were no significant differences across size 
class in foraging, food transport and processing behaviors. Minor workers had a 
  
20 
significantly greater proportion of activity in brood care and movement, and adopted 
defensive posturing significantly more often than soldiers and supersoldiers. Soldiers 
were in a defensive posture significantly more often than supersoldiers and soldiers and 
supersoldiers had a significantly greater proportion of inactivity compared to minor 
workers.  
Brain size and structure 
A consensus of nine of 27 indices surveyed for optimal cluster number (range: 1-
15) indicated the presence of two groups according to brain phenotypes across P. rhea 
workers of all sizes. Supporting this suggestion of two groups, AU P-values based on 
multiscale bootstrap resampling were significant beyond 95% for the two largest clusters 
(cluster 1: AU P-value = 1.00, SE < 0.001, cluster 2: AU P-value = 1.00, SE < 0.001). 
The first cluster was comprised of all supersoldiers and 17 soldiers, whereas the second 
cluster contained all minor workers and three soldiers (Figure 2.3a). An examination of 
variable relevance indicated all six brain compartment proportions were important in 
cluster assignments (Figure 2.3b). 
SMA revealed all six brain subregions shared similar slopes (p > 0.05) across 
clustered groups and could therefore be examined for axis shifts to analyze differences in 
overall mean size of a region, or grade shifts, indicating different proportional investment 
in a region (Figure 2.4). Due to pronounced differences in overall brain size across 
groups, each subregion indicated a significant axis shift (Table 2.3, Figure 2.5). Grade 
shifts were apparent in all regions but the OL (Figure 2.5). All subregions with the 
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exception of the positively allometric OL and CB displayed isometry with the RH (Table 
2.3, Figure 2.5). 
 
DISCUSSION 
 My analyses suggest differentiation in behavior and brain anatomy between minor 
workers and soldier groups, but not between soldiers and supersoldiers in P. rhea. 
Although three worker groups can be distinguished by body size and head allometry in P. 
rhea (Huang & Wheeler, 2011), the lack of further distinction between soldier and 
supersoldier groups in body shape, and most importantly, behavior and neuroanatomy, 
does not provide evidence of selection for discrete, size-related social roles and correlated 
divergence in neural phenotypes. The extensive behavioral repertoire overlap between 
soldiers and supersoldiers suggests that workers in these size classes are not performing 
qualitatively different tasks, but may instead vary in the frequency, efficacy, or efficiency 
with which acts are performed. If soldier and supersoldier workers perform qualitatively 
similar tasks, I expect their sensory, motor, and cognitive demands to be similar, resulting 
in conserved brain phenotypes. This was supported by cluster analyses. However, 
supersoldiers may be quantitatively specialized on performing certain tasks in ways that 
improve fitness outcomes through repetition of behavior and/or biomechanical 
advantages associated with head capsule structure and cephalic musculature. For 
example, all workers in some capacity may defend the nest from intruders, but because of 
the size, structure, and power of their mandibles, supersoldiers and soldiers may be more 
effective at neutralizing threats than smaller workers. Similarly, supersoldiers may be 
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more effective at processing large or exceptionally hard seeds. Such differences could 
correspond to variation in threshold responsiveness to task cues (Beshers & Fewell, 
2001) and other factors that might affect the induction of behavior. The behavioral 
measurements do not provide enough detail to fully resolve these differences. I also 
acknowledge that rare but critical behaviors, such as enemy-specific defenses, were not 
observed in the laboratory and may be dependent on subcaste (Wilson, 1976a; Feener, 
1987; Huang, 2010).  
Differences in behavioral performance and brain structure separating the two 
soldier groups from minor workers appear to be substantial. Although there is 
considerable repertoire similarity between soldier size classes, minor workers perform on 
an absolute basis more types of behaviors and are proportionally more active in brood 
care, movement, and defensive posturing. It may be that such qualitative and quantitative 
differences in behavior require different neuroarchitectures. Minors have distinctive 
neuroanatomical phenotypes consistent with increased behavioral demands, characterized 
by disproportionate allocation of neuropil to olfactory and integrative brain centers, as 
indicated by grade shifts. This supports previous research on three dimorphic Pheidole 
species that identified consistent intraspecific and interspecific differences in neural 
support for expansive behavioral repertoires. For example, mature minor workers, which 
have the largest task repertoires (Seid & Traniello, 2006) across P. dentata, P. morrisi, 
and P. pilifera, had larger mushroom bodies (Muscedere & Traniello, 2012; Ilieş et al., 
2015). Interestingly, minors had lower integration in neuroanatomy (Ilieş et al., 2015) 
and morphology (Pie & Traniello, 2007), suggesting differences in modular coordination 
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of traits across phenotypic levels of organization during Pheidole subcaste evolution and 
development. Although interspecific comparisons led me to hypothesize that 
morphological, behavioral, and neuroanatomical evolution would be linked in P. rhea, 
my present results suggest that in P. rhea body size and head allometry may not be well-
coupled to shape, brain structure, and behavior. I acknowledge the limitations of 
correlative studies of brain volume and behavior (Healy & Rowe, 2007), and note that 
there may be other differences in neuroarchitecture across worker size classes not 
detected in analyses of macroscopic neuroanatomy. However, cellular studies (Gordon et 
al., 2017a in prep.) do not suggest functional differences in synaptic organization in the 
mushroom bodies, brain regions that serve important functions in higher-order processing 
and the genesis of behavior, across worker size class in P. rhea.  
Our understanding of the conserved genetic toolkits and developmental plasticity 
that generate soldiers and supersoldiers has recently been advanced (Rajakumar et al., 
2012; Lillico-Ouachour & Abouheif, 2016). Extensive experimental work has illustrated 
how alterations of Pheidole worker phenotype and caste evolution in the genus may 
occur by changes in developmental thresholds (Wheeler & Nijhout, 1981, 1983, 1984; 
Rajakumar et al., 2012). P. rhea is polyandrous (Huang et al., 2013); patriline bias in 
worker size may therefore contribute to worker phenotype through conserved 
differentiation mechanisms involving JH-cascades and worker provisioning of larvae. 
However, despite much progress (Lillico-Ouachour & Abouheif, 2016), the translation of 
genomic information through development to brain structure and behavior remains poorly 
understood in Pheidole.  
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P. rhea is basal in the well-resolved molecular phylogeny of Pheidole (Moreau, 
2008), indicating that soldier polymorphism and its conserved genetic toolkit is the 
ancestral state in the genus (Rajakumar et al., 2012). Soldier subcaste polymorphism 
appears to have occurred in association with granivory: all soldier-polymorphic species 
collect and/or cache seeds and are geographically limited to the arid southwestern regions 
of North America (Moreau, 2008). It has been suggested that caste proliferation evolved 
to efficiently utilize larger seed resources; diet shifts may explain polymorphism in other 
ant genera, including granivorous species (Ferster et al., 2006). I found that soldiers and 
supersoldiers had disproportionately large SEZ compared to minor workers, possibly 
reflecting the importance of mandibular control in food processing. Field studies of P. 
rhea support the idea that supersoldiers are recruited to unusually large seeds and other 
food resources that smaller workers do not appear to be able to efficiently process 
(personal observations). Although I found no significant differences across worker size 
classes in foraging, food transport, and food processing in the laboratory study, additional 
field research is needed to determine the association of morphology and behavior in P. 
rhea. 
Pheidole worker morphology is driven primarily by changes in size (Pie and 
Traniello 2007). Granivory in dimorphic Pheidole is associated with differences between 
soldier and minor worker head size, but not soldier head size alone (Holley et al., 
2016).In other myrmicine ant genera, shape may also be important in caste evolution 
associated with diets containing seeds (Ferster et al., 2006). If body size allows P. rhea to 
exploit new food resources through biomechanical advantages of size-matching and/or 
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processing capability, then selection for frequency- and/or efficiency-related 
performance, rather than behavioral discretization, may explain the lack of 
neuroanatomical divergence between soldiers and supersoldiers. P. rhea workers of all 
sizes engage in food transport and processing; therefore, if supersoldiers specialize on 
processing larger food items, their sensory processing and integration demands should 
not be qualitatively different than those of the smaller class of soldiers, with which they 
show extensive repertoire overlap. It is likely that biophysical requirements of load 
carriage and/or seed milling or food-source processing are more important in providing 
support for a quantitative shift in behavior, and that sensory and higher-order processing 
modifications are unnecessary. Moreover, sensory cues provided by seeds that initiate 
selection, transport, and/or processing are likely shared across seed sizes.  
In P. rhea, I identified substantial overlap in repertoire size across worker body 
size variation in spite of head size allometry, and identified differences in the proportions 
of ergonomically relevant behaviors performed by minor workers and soldier size classes 
with the exception of food processing, which did not differ across size classes. These 
differences, when mapped onto divergent neuroanatomical and morphological 
phenotypes, suggest that the ancestral soldier-polymorphic social organization of 
Pheidole may be characterized by a generally plastic repertoire across worker-size 
variation and more subtle specialization in quantitative aspects of task performance. P. 
rhea polymorphic soldiers are comparable in repertoire size to the most behaviorally 
expansive soldiers in dimorphic Pheidole species, with the exception of P. morrisi 
soldiers whose repertoire most closely resembles that of minor workers of this species 
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(Wilson, 1984; Patel, 1990). The comparatively wide repertoire of P. rhea soldiers may 
be underpinned by a generalist soldier brain phenotype. Patterns of brain region scaling in 
P. rhea are mostly isometric, unlike other Pheidole that have positive allometries in 
regions suggested by covariance analyses to be components of the “social brain” (the AL, 
MBC, MBP; Ilieş et al., 2015). Ancestral social organization, repertoire overlap with 
subtle qualitative and quantitative shifts in behavior, and isometric brain scaling support a 
role for conserved developmental programming in P. rhea caste evolution. 
Pheidole is characterized by variation in worker and colony phenotypes (Wilson, 
2003; Mertl & Traniello, 2009; Mertl et al., 2010; Lillico-Ouachour & Abouheif, 2016). 
The plastic ancestral phenotype represented by P. rhea may have served as the basis for 
ecological adaptations that generated hyperdiversity through the estimated 58.4-61.2 
million year history of the genus (Moreau, 2008). If the ancestral state was characterized 
by greater behavioral plasticity (Powell, 2008), then increased subcaste specialization 
may have been due to disruptive (Planqué et al., 2016) and/or intense directional 
selection during ecological diversification and subsequent specialization of worker 
phenotypes. Directional selection followed by stabilizing selection in association with 
behavioral and/or ecological specialization could refine the wide size range of ancestral 
soldier groups into the narrower complete dimorphism present in most species in the 
genus. The great variation in head width ratios between minor and soldiers in dimorphic 
Pheidole suggests that either large (i.e. supersoldiers) or small size classes of soldiers 
could have been subject to this refinement and other size class could have been 
selectively eliminated. This selective reduction in soldier body size variation would not 
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necessarily correspond to a reduction in behavioral competency and its supportive 
neuroarchitecture in derived Pheidole soldiers because these traits are integrated 
independent of soldier size variation. Phenotypic evolution thus appears to have been 
facilitated by the integration of plastic traits ancestral in the genus.  
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TABLES AND FIGURES 
Table 2.1. Relative morphological characteristics used in this study and their 
abbreviations 
Abbreviation Description of measure 
EML/HW Maximum length of eye standardized by head width  
DEA/HW Distance between eye and antennal socket standardized by head 
width 
MBR/HW Maximum width of mandible standardized by head width 
HDE/HLE Head shape (head depth / head length in profile view) 
ALH/PW Pronotal shape (mesosoma height / pronotal width) 
TCM/MAL Distance between first coxa and metapleural gland standardized by 
maximum mesosoma length 
TCP/MAL Distance between first coxa and insertion of petiole standardized by 
maximum mesosoma length 
TPP/MAL Distance between insertion of petiole and posterior end of pronotum 
standardized by maximum mesosoma length 
PH1/PL1 Petiole shape (petiole height / petiole length) 
PH2/PL2 Post-petiole shape (post-petiole height/ post-petiole length) 
HW/HL Head shape (head width / head length in frontal view) 
SL/HW Scape length standardized by head width 
PW/MAL Mesosoma shape (pronotal width / maximum mesosoma length) 
HW/PW Head width standardized by pronotal width  
PW Body size (pronotal width) 
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Table 2.2. Comparisons of proportions of observed acts in behavioral categories across 
worker size classes 
 Three-sample test of 
equality of 
proportions 
Pairwise comparisons, Holm 
corrected P-values 
 χ2 (df = 2) P-value Minor -
soldier 
Minor -
supersoldier 
Soldier -
supersoldier 
Hygiene and 
prophylaxis 
11.50 0.003 0.048 0.015 0.64 
Social contact 
and interaction 
22.92 <0.001 0.014 0.002 0.48 
Brood care 124.72 <0.001 <0.0001 <0.0001 1 
Foraging, food 
transport, and 
processing 
1.90 0.39 N/A N/A N/A 
Movement 54.92 <0.001 <0.0001 <0.0001 0.22 
Defensive 
posturing 
52.99 <0.001 <0.0001 <0.0001 0.043 
Inactivity 108.59 <0.001 <0.0001 <0.001 0.81 
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Table 2.3. SMA analyses on log-transformed volumes of regions of interest against log-
transformed RH comparing individuals grouped by cluster analysis 
 OL  AL MBC  MBP  CB  SEZ  
Shared β  1.68  1.13 1.10 1.13 1.33 1.13 
95% CI 1.40, 
2.04 
0.94, 
1.35 
0.95, 
1.28 
0.96, 
1.33 
1.09, 
1.63 
0.97, 
1.31 
β ≠ 1? yes no no no yes no 
χ2 28.95 1.75 2.22 2.57 7.83 3.02 
P-value < 0.0001 0.42 0.33 0.28 0.02 0.22 
Grade 
shift 
No Minor > 
soldiers 
Minors > 
soldiers 
Minors > 
soldiers 
Minors > 
soldiers 
Soldiers 
> minors  
W2 1.67 20.55 31.39 16.13 16.70 9.23 
P-value 0.20 <0.0001 <0.0001 <0.0001 <0.0001 0.002 
Axis shift Soldiers 
> minors 
Soldiers 
> minors 
Soldiers 
> minors 
Soldiers 
> minors 
Soldiers 
> minors 
Soldiers 
> minors 
W2 103.10 51.84 59.20 58.07 48.73 105.40 
P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
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Figure 2.1 (a) Dendrogram with AU P-values (at nodes) indicating two significant 
clusters among P. rhea workers according to morphology. Worker size class is color 
coded (minor: red; soldier: green; supersoldier: blue). (b) Variable relevance illustrating 
importance of relative morphological characteristics beyond the shadow attribute 
threshold  
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Figure 2.2. Sample sized-based rarefaction and extrapolation sampling curves estimating 
behavioral repertoire richness of worker size classes (solid lines: interpolation, dashed 
lines: extrapolation, shaded area: 95% confidence intervals) 
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Figure 2.3. (a) Dendrogram with overlaid AU P-values (at nodes), indicating two 
significant clusters among P. rhea workers according to brain composition (minor: red, 
soldier: green, supersoldier: blue). (b) Variable relevance of brain compartments all 
beyond the shadow attribute threshold
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Figure 2.4. (a) Diagram illustrating brain scaling relationships across three worker size 
classes to scale. (b) False-colored representative micrographs from each size class (OL: 
blue, AL: green, MBC: yellow, MBP: orange, CB: purple, ROCB: gray); the SEZ is not 
shown 
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Figure 2.5. Scaling relationships between the volumes of (a) OL, (b) AL, (c) MBC, (d) 
MBP, (e) CB, and (f) SEZ and the rest of the hemisphere volume (in µm3) across the two 
significant clusters of workers (minors and “soldiers”) according to brain composition  
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CHAPTER THREE: BEHAVIORAL PERFORMANCE AND SYNAPTIC 
ORGANIZATION IN A STRONGLY POLYMORPHIC SOCIAL INSECT 
 
ABSTRACT  
 The relationship between behavioral performance and synaptic structure in social 
insects that have exceptional worker polyphenisms is significant to the neurobiology of 
division of labor and evolution of the social brain, but poorly understood. I hypothesized 
that behavioral divergence among polymorphic workers is associated with synaptic 
organization in mushroom body microglomeruli, sites of neural plasticity in a higher-
order processing region of the brain that supports sensorimotor functions underscoring 
behavior. I used minor workers, soldiers, and supersoldiers of the ant Pheidole rhea as a 
model to examine if exceptional differentiation in worker size is correlated with 
differences in behavior, and collaterally, the structure of microglomeruli. I predicted that 
variation in the behavioral ecology of task performance related to worker size would 
influence the structure of microglomeruli and involve different requirements for sensory 
processing in pheromone trail detection and following, nest-search patterns, and nestmate 
recognition. Results of behavioral assays showed that soldiers and supersoldiers had 
enhanced sensitivity to trail pheromone, following artificial trails at a significantly lower 
concentration than minors. Comparisons of nest-search paths induced by worker 
displacement revealed that workers in different size classes had similar patterns. 
Nestmate recognition ability, determined from assays of aggression in response to non-
nestmates, did not correlate with worker size. Studies of synaptic organization showed 
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that there were no differences among worker size classes in total estimated number of 
microglomeruli. Supersoldiers had the largest boutons compared to the other size classes, 
but they were less densely packed than minors and similar in density to soldiers in the lip. 
In the collar, however, there were no significant differences in density, and supersoldiers 
had larger boutons than minors, but did not differ from soldiers. Results of behavioral 
performance assays and analyses of synaptic organization indicate that worker size 
variation in P. rhea, which exhibits one of the most remarkable morphological 
polyphenisms in all social insects, is associated with only modest differentiation in 
behavior and microcircuitry. This suggests that worker size-related behavioral 
differentiation is underscored by conserved synaptic architectures driven by 
developmental processes that generate differences in body size.   
 
INTRODUCTION 
Evolutionary patterns of behavioral adaptation are represented in 
neuroarchitectural variation in the brain (Catania & Remple, 2002; Fahrbach & Dobrin, 
2009; Carlson & Arnegard, 2011; Leitch et al., 2014; Sukhum et al., 2016). Insect 
behavioral phenotypes have been associated with structural differences in the mushroom 
bodies (MBs), higher-order processing regions considered to be significant in learning, 
memory, and behavioral plasticity (Strausfeld et al., 1998, 2009; Heisenberg, 2003; 
Fahrbach, 2006; Farris, 2008; Farris & Van Dyke, 2015). Elaboration of the MBs may be 
adaptively associated with diet (Farris & Roberts, 2005) and parasitoidism (Farris & 
Schulmeister, 2011), as well as sensory processing requirements (Bulova et al., 2016), 
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and complex social organization (O’Donnell et al., 2011; Muscedere & Traniello, 2012; 
Kamhi et al., 2016). Mushroom body structure, therefore, may be an important aspect of 
“social brain” evolution (Dunbar, 1998) and distributed cognition in eusocial insects 
(Lihoreau et al., 2012; Ilieş et al., 2015; O’Donnell et al., 2015; Farris, 2016). 
Although MB elaboration preceded eusociality (Farris, 2016), the impact of social 
complexity and division of labor on MB evolution is not fully understood. MB size does 
not appear to constrain cognitive ability in eusocial clades renowned for complex social 
behavior (Muscedere et al., 2014). Mushroom body size has been related to diet (Farris & 
Roberts, 2005),  gregariousness (Ott & Rogers, 2010), learning (Komischke et al., 2005; 
Snell-Rood et al., 2009), foraging experience (Gronenberg et al., 1996; Farris et al., 
2001; Withers et al., 2008), and division of labor (Withers et al., 1993; Muscedere & 
Traniello, 2012; Kamhi et al., 2016). Analyses that associate behavior with brain volumes 
can benefit from studies of cellular processes, which can reveal insights into information 
processing mechanisms that underscore behavioral performance (Chittka & Niven, 2009; 
Schurmann, 2016). For example, learning-induced plasticity has been traced to individual 
neurons in the honey bee MB calyx (Mauelshagen, 1993; Okada et al., 2007), and 
serotonergic neuron structure is correlated with worker age and division of labor in the 
ant Pheidole dentata (Seid et al., 2008; Giraldo et al., 2013). 
Variation in higher-order processing, and by inference their ability to underpin 
behavioral differences across diverse ametabolous, hemimetabolous, and holometabolous 
insect orders has been documented by quantifying the structure of microglomeruli (MG), 
synaptic complexes in the MB calyx (Groh & Rössler, 2011; Farris & Van Dyke, 2015; 
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Fahrbach & Van Nest, 2016; Schurmann, 2016). MG are formed from presynaptic 
sensory projection neuron boutons and their respective associated Kenyon cell 
postsynaptic specializations (Fahrbach & Van Nest, 2016; Schurmann, 2016). In the 
Order Hymenoptera, which includes an unusually large number of eusocial clades such as 
ants, bees, and wasps, MG density is greatest in comparison to species in other insect 
orders, suggesting that increased information-processing capabilities occur in association 
with social evolution (Groh & Rössler, 2011). Furthermore, MG densities in the lip 
(olfactory) and collar (visual) MB calyx regions may correlate with maturation and/or 
behavioral experience in ants and bees (Groh et al., 2004, 2012; Hourcade et al., 2010; 
Stieb et al., 2010, 2012, Falibene et al., 2015, 2016).   
Worker polyphenisms in ants (Wheeler, 1986, 1991; Lillico-Ouachour & 
Abouheif, 2016) raise important questions concerning evolutionary and developmental 
relationships among body size, brain structure and behavior and their degree of 
phenotypic integration (Ilieş et al., 2015; Gordon et al., 2017b in prep.). Striking 
morphological caste differentiation is associated with behavioral specialization and 
division of labor in a relatively small number of ant genera, some of which show high 
levels of social complexity and are among the most diverse in species (Oster & Wilson, 
1978; Wilson, 1980; Lee et al., 1999; Powell & Franks, 2006; Powell, 2008). The 
hyperdiverse genus Pheidole, for example, composed of more than 1,100 species, 
typically has a completely dimorphic worker caste composed of task-generalist minor 
workers and more specialized major workers. The evolution of the major worker subcaste 
(often called “soldiers;’ Wilson, 1984; Mertl & Traniello, 2009) is hypothesized to have 
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been key to the ecological success and diversification of the genus (Wilson, 2003). At 
least eight species of Pheidole are considered soldier-polymorphic (Huang & Wheeler, 
2011) or trimorphic (Moreau, 2008) because of the evolution of an additional, extremely 
large size class of workers called supersoldiers. Supersoldier evolution and development 
is thought to be the result of the reactivation of an ancestral development plan that 
generates worker phenotypic variation in Pheidole (Rajakumar et al., 2012) and may be 
widespread in ants (Lillico-Ouachour & Abouheif, 2016).  
To what extent is worker polymorphism, behavior, and variation in MB size 
associated with synaptic organization? Three species of dimorphic Pheidole (Muscedere 
& Traniello, 2012) and the strongly polymorphic Atta vollenweideri have task-specialist 
workers of different size and distinct MB scaling patterns (Groh et al., 2014), but our 
understanding of the circuitry of behavioral specialization is limited. I used Pheidole 
rhea, whose supersoldiers can be five times greater in head width than minor workers, as 
a model to explore relationships between worker size variation, behavioral performance, 
and synaptic organization. Recently, I recorded overlap in behavioral repertoires across 
P. rhea worker size classes and a lack of gross neuroanatomical distinction between 
soldiers and supersoldiers (Gordon et al., 2017b in prep.), raising questions of whether 
variation in cellular circuits may be associated with task specialization and associated 
higher-order processing abilities.  
To better understand neural correlates of size-associated behavior in P. rhea, I 
conducted a series of assays involving aspects of sensory and motor performance relevant 
to the ecology of division of labor in this species, and quantified MG structure. I assessed 
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worker size-related differences in recruitment communication and orientation by 
comparing trail-pheromone perception levels and trail-following ability, and analyzed 
nest-search locomotion patterns and nestmate recognition, all extranidal behaviors 
relevant to task performance in P. rhea. I hypothesized that workers in different size 
classes would differ in these aspects of behavioral performance and MG structure, 
reflecting functional covariation in behavior and synaptic organization. I predicted 
minors and soldiers would be the most responsive to trail pheromone and non-nestmates 
due to the prominent role of these worker size classes in foraging and territory 
maintenance. The rarity of supersoldiers outside of the nest suggested they would have 
less-developed chemosensory abilities, but could effectively recognize non-nestmates due 
to their potential for defense (Huang, 2010). Furthermore, I expected search patterns to 
differ across workers in different size classes, reflecting variation in locomotion 
associated with involvement in foraging and other aspects of worker behavioral ecology 
(Amador-Vargas & Mueller, 2017). I expected MG density and absolute number to be 
positively correlated with relative MB volume, and associated with responsiveness to trail 
pheromone and non-nestmates, thus supporting a role for MB synaptic organization in 
processing olfactory information to generate motor output.  
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METHODS 
Ant collection and culture 
Mature P. rhea workers freshly collected at baits from four field colonies nesting 
near the Molino Basin in the Santa Catalina foothills were used in behavioral 
performance assays. Mature workers used to quantify MG organization were freshly 
collected in the field from one colony nesting in the Molino Basin, Tucson, AZ in the 
foothills of the Santa Catalina Mountains, and two colonies located in the foothills of 
Portal, AZ. Although it was not possible to eliminate the possibility of variation in age-
associated changes in MG and/or behavioral performance in field-collected workers, I 
attempted to minimize potential differences by exclusively sampling fully pigmented 
(mature) individuals. In the lab, workers were maintained inside test tubes partially filled 
with water fitted with a cotton plug inside plastic boxes (30cm x 20cm) coated with 
Fluon® in  an environmental chamber at 25°C, 65% humidity with a 12h:12h light: dark 
cycle. Workers were fed 1M sucrose, live insect prey (wingless fruit flies or mealworms), 
and sunflower, flax, and chia seeds every other day. 
Behavioral performance assays 
 Behavioral assessments were used to examine size-related sensory and motor 
differences in workers active outside the nest rather than to comprehensively assess task 
repertoires or efficacies of all behaviors. These assays, which were designed in light of P. 
rhea behavioral ecology and the field sampling protocol, quantified sensory and motor 
aspects of tasks typically associated with foraging, territory defense, and nest defense. 
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Therefore, assays involved trail pheromone detection and following, nest-search 
behavior, and recognition of conspecifics. Mature workers collected from field colonies 
were assayed within two days to two weeks of arrival in the lab. Because the number of 
workers (especially those of the largest body size) was limited, all individuals were used 
in each of the three assays within one day and then removed from the pool of available 
workers. For each day of assays, a maximum of nine individuals were isolated into three 
groups of three workers (one individual per worker size class) with members of their own 
colony and provided 1:3 honey: water ad libitum between assays. Colony origin, worker 
head width, and individual identity were recorded for each ant and each individual was 
subsequently given a daily code from a random number generator to assign the order of 
testing in each type of assay. The order of assaying trail detection and following, nest 
search, and nestmate recognition was kept constant each day. Any workers adopting a 
threat posture while isolated were allowed time to return to a neutral behavioral state 
before proceeding with tests. Workers were handled gently, quickly, and carefully. 
Trail pheromone detection and following 
 To prepare glandular extracts to create artificial pheromone trails for Pheidole, 
poison glands (Wilson, 1976a) were dissected from the gasters of minor workers sampled 
from a P. rhea lab colony. Glands were cleanly dissected from three cold-anesthetized 
workers and did not include hindgut material or potential contaminants from other 
glandular secretions before homogenization in 30µl 100% ethanol to generate a stock 
solution (1 gland/10µl) approximately one hour before an assay began. This stock extract 
was serially diluted to create solutions of 0.003 glands/10µl, 0.001 glands/10µl, and 
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0.0003 glands/10µl, which were kept on ice until use. I determined the threshold of trail 
pheromone response by testing workers at a range of other concentrations, some of which 
failed to elicit any response (0.0001 glands/10µl and 0.00025 glands/10µl). Trail 
pheromone extracts were assayed in ascending order of concentration. The sequence in 
which workers were sampled was determined using a random number generator for each 
concentration. For each trial, a 10cm artificial trail (five 2cm straight lengths creating 
four sharp 120° turns in a “zig zag” outlined lightly in pencil) on a piece of filter paper 
secured to a large glass petri dish with its walls coated in Fluon®. A blunt-end 10µl 
Hamilton syringe was used to evenly deposit 10µl of poison gland extract along the 
pencil trail. The syringe was rinsed three times with 100% ethanol between each use. 
After the ethanol solvent evaporated (< 30 seconds), a worker was slightly chilled for 3-
12 seconds (depending on body size) to facilitate handling without causing alarm. The 
chilled worker was quickly transferred to the center of the zigzag trail, the petri dish was 
covered, and the assay continued for five minutes. Pheromone detection ability was 
conservatively estimated as successfully following the artificial trail for two consecutive 
sharp turns. Only workers that crossed the trail more than five times were included in 
analyses to eliminate any individuals that did not encounter the trail, explaining the very 
small variation in final sample size (minors: N = 17, soldiers: N = 18, supersoldiers: N = 
17). Filter paper was replaced for each trial and petri dishes bottoms were cleaned with 
95% ethanol and allowed to completely dry between trials. 
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Nest-search behavior 
 Homing worker ants reset their path integrator upon return to their nest (Knaden 
& Wehner, 2006). Because workers of different body size may serve different functions 
in the behavioral ecology of foraging, I anticipated navigational skill and homing ability 
would be associated with social role, specifically in regard to participation in foraging 
activity. When experimentally displaced during homing, they initiate a patterned search 
to locate their nest. To determine if worker search patterns used to relocate the nest after 
individual displacement were different across worker size classes in P. rhea, an arena 
(24cm x 30cm) was constructed to allow automatic tracking of experimentally displaced 
workers. To maximize video contrast during recording and minimize the potential for 
landmark use by workers, opaque white paper completely lined the exterior walls of the 
arena, which was placed on top of a white-vinyl filtered light table inside a white paper-
lined black tarp enclosure fitted with a ca. 5cm x 5cm flap through which the observer 
could monitor the trial display on a Canon Vixia HFR500 HD digital camcorder. The 
arena was centered underneath a tripod holding the camcorder 30.5cm above and 
orthogonal to the arena bottom. Workers were removed from the petri dish shared with 
two nestmates by grasping by the mesosoma with featherweight forceps and quickly 
depositing the focal worker in the center of the arena. Video recording began 
immediately after release. Recording was terminated after three minutes or once the ant 
made contact with an arena wall. The bottom of the arena was cleaned with 95% ethanol 
between trials and was allowed to completely dry before the next trial was initiated. Only 
individuals that remained within the visual field of the camera for longer than 30 seconds 
  
47 
were used to analyze search paths (N > 30 workers per size class). One outlier 
supersoldier path was removed from analysis because the ant moved extremely slowly 
along a highly tortuous path during the first minute of recording, and thus had an 
unusually high sinuosity index. 
 Worker search paths were digitized with the program Ctrax (Branson et al., 2009) 
at a rate of 30 points per second. Because the camera field was slightly smaller than the 
arena in which workers were searching, individuals could enter and leave the camera 
field several times during three minutes, resulting in multiple track bouts. Since worker 
size greatly differed between size classes, I avoided characterizing search by using speed-
dependent parameters. Instead, I used four purely spatial parameters: (1) track length: the 
sum of each bout length, (2) the straightness index for the first bout of the path, i.e. the 
ratio of the straight line distance between the first and last point of the path and its length 
(Batschelet, 1981), (3) average dispersion distance for the first bout of the path (the mean 
straight line distance of all points composing the path from the first point of the path), 
and (4) the sinuosity index for the first bout of the path. Paths were discretized with a 
constant time step, but to compute the sinuosity index, paths were then “re-discretized” 
with a constant step length of 1mm so that they could be modelled as a first-order 
correlated random walk in which changes of direction between successive steps are 
uncorrelated and normally distributed around zero. The formula used to compute the 
sinuosity index was based on the mean sine and cosine of changes of direction 
(Benhamou, 2004). I used the function redisltraj of the R package adehabitatLT 
(Calenge, 2006) to re-discretize the paths. 
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Nestmate recognition  
 To assess differences in aggression towards a non-nestmate conspecific, a focal 
worker (minors: N = 19, soldiers: N = 21, supersoldiers: N = 20) was introduced into a 
covered 5cm diameter plastic petri dish whose walls were coated in Fluon® and allowed 
two minutes for acclimatization. A small hinged door was then opened on the side of the 
petri dish and a conspecific minor worker from a resident lab colony was introduced as a 
stimulus, using Dumont forceps to hold the worker at the petiole and prevent movement. 
The frequency of responses of the focal worker was scored for five minutes on a 
behavioral scale of 1-6 (Kamhi et al., 2015): (1) avoidance, or no alteration to behavior 
when within antennal distance of the stimulus worker, (2) olfactory assessment, indicated 
by antennal waving or antennal contact, (3) flaring the mandibles, (4) adopting a threat 
posture characterized by flaring the mandibles and moving the head side to side while 
positioning the gaster under the mesosoma, (5) lunging, and (6) biting. Each stimulus 
worker was used no more than three times.   
Quantification of microglomeruli 
 P. rhea workers (N = 12 each for minors, soldiers, and supersoldiers) evenly 
sampled from three field colonies were processed according to a modified protocol of 
Groh and Rössler (2011). Brains were dissected in ice-cold HEPES-buffered saline and 
fixed in 4% paraformaldehyde in 0.1M PBS at 4°C overnight on a shaker. Brains were 
rinsed (3 x 20 minutes) in 0.1M PBS, embedded in low melting point agarose (5.5g/mL 
PBS), and sliced into 100µm thick sections with a Leica VT1200S vibratome. Sections 
were then permeabilized with 2% and 0.2% PBST each for 20 minutes before blocking in 
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NGS (2% in 0.2% PBST) for one hour at room temperature on a shaker. Sections were 
then incubated in SYNORF1 (1:50) and AlexaFluor488-phalloidin (1:500) in 0.2% PBST 
for at least three nights at room temperature while covered in foil on a shaker. After 
primary incubation, sections were washed in 0.1M PBS (5 x 20 minutes) and then 
incubated in AlexaFluor568 goat anti-mouse secondary antibody (1:250) in 1% NGS-
PBS overnight at room temperature while covered in foil in a shaker. Finally, sections 
were incubated overnight in 60% glycerol-PBS and then in 80% glycerol-PBS (30 
minutes) before mounting in 80% glycerol-PBS on glass slides and sealing with nail 
polish. Slides were imaged on an Olympus Fluoview FV10i inverted laser scanning 
confocal microscope at 60X. Snapshot images 1.55µm thick were optimally captured in a 
plane in which the MB peduncle bisects the MB calyxes. 
One MB medial and lateral calyx were imaged for each worker, coded to blind the 
observer from worker size class identity during image processing. MG density and size 
were quantified according to modified protocols (Stieb et al., 2010; Groh & Rössler, 
2011; Giraldo et al., 2016). To quantify the structure of MG in the lip, two adjacent 
circles (400µm2 each) were overlaid in the non-dense lip region of each calyx and all MG 
not intersecting the circumference lines of the circles were counted using Fiji software at 
high digital magnification (300X). To quantify the structure of MG in the collar, the 
entire area of the collar was measured in each image and all MG inside it were counted 
because the collar region of the calyx is minute in Pheidole. To quantify MG size, a grid 
(10µm2 squares) was overlaid on the predefined circles and entire collar and a random 
number generator was used to select up to five squares in which all MG within the square 
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or intersecting the top and right borders were measured along the longest aspect of the 
bouton. Counts of MG were averaged across circle placement (in the lip) and calyx and 
divided by the volume of the region assessed to give an average density of MG per µm3 
calyx region (lip or collar) for each individual. Similarly, average bouton length was 
calculated from the randomly selected boutons in both the lip and collar regions. 
Statistical evaluation 
To avoid linear separation in the models, pheromone concentration was multiplied 
by 1000 to reduce effects of scale. Generalized linear mixed effect models (GLMM) were 
used to analyze the fixed effects of worker size class and trail pheromone concentration 
(x103) and the random effect of individual identity on the binary outcome of detection 
and following using the lme4 package in R (Bates et al., 2015). Analyses began with a 
full model including the interaction of size class and concentration and used simplified 
models and likelihood ratio tests to estimate P-values of factors and the interaction. 
Predicted probabilities at each concentration for each worker size class were calculated 
with 95% confidence intervals to illustrate differences in detection and following across 
factors.  
Multivariate analysis of variance (MANOVA) was used to assess the effects of 
worker size class on search patterns. After checking for outliers I tested for the 
assumptions of residual normality and homoscedasticity by Q-Q plots and Bartlett’s test 
respectively. Appropriate transformations were used to regain normality. Pairwise 
MANOVAs were then used to compare search patterns between worker size classes. 
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Linear discriminate function analysis (LDA) was used to further explore possible 
separation of worker size classes based on the multivariate search patterns. 
The frequency of avoidance behavior, olfactory assessment, and aggressive 
behaviors (summed categories 3-6) were analyzed with non-parametric Kruskal-Wallis 
tests to assess the effect of worker size class on act frequency. To account for differences 
in activity and interaction frequency, each focal worker was also given an average 
aggression score calculated from the proportion of total responses from each category 
weighted by the level of aggression (1-6) in each category (Kamhi et al., 2015). Average 
aggression scores were analyzed with ANOVA to determine the effect of worker size 
class on aggression.  
MG density and size data were used in conjunction with a previously recorded 
dataset of average calyx volumes for each worker size class (Gordon et al., 2017b in 
prep.) to extrapolate average total number of MG per brain hemisphere for each worker 
size class. This regional brain volume dataset was quantified from synapsin labeled 
whole brains (N = 20 per size class). I used the average calyx volume for each worker 
size class with my current findings of MG lip density to estimate the total number of MG 
in one hemisphere of the brain. ANOVA was used to assess the effects of worker size 
class on density and size of MG in the lip and collar regions as well as on the estimated 
total number of MG per brain hemisphere. Assumptions of residual normality and 
homoscedasticity were checked using Shapiro Wilk and Bartlett’s tests. Residuals from 
two of the five MG structural variables (lip density and estimated total number) deviated 
from homoscedasticity. Variances across worker size classes differed by at most a factor 
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of 2, sample sizes were equal, and ANOVA methods are robust against this deviation. 
Therefore, analyses proceeded without transformations. Post hoc pairwise comparisons 
between worker size classes using Tukey’s HSD tests were conducted when an overall 
significant effect of worker size class was found, to determine pairwise differences 
between worker size classes.  
I had no a priori reason to expect differences in behavior or synaptic structure of 
workers from different colonies, and had no metric to identify worker age and experience 
and/or colony age, size and local ecology. Because I could not determine these factors 
and thus understand their influences, and because my focus was on worker body size, I 
did not include colony-level effects when testing hypotheses concerning the effects of 
worker size class on behavioral performance and MG structure. I made these choices in 
model selection to make clear and rational interpretations. All statistical analyses were 
conducted in R (version 3.3.2) unless otherwise stated. 
 
RESULTS 
Behavioral performance 
Trail pheromone detection and following 
 There were significant effects of worker size class and pheromone concentration 
(x103), but no interaction effect on trail detection and following (size class: χ2 = 14.45, P 
< 0.001; concentration: χ 2 = 58.52, P < 0.0001; interaction χ 2 = 0.38, P = 0.83). 
Supersoldiers were more likely to detect and follow the lowest-concentration trails 
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(predicted probability = 0.69, 95% CI: 0.57, 0.79) compared to soldiers (0.36, 95% CI: 
0.27, 0.46) and minors (0.17, 95% CI: 0.10, 0.27). However, differences in detection and 
following likelihood decreased at the intermediate pheromone concentration (supersoldier 
= 0.93, 95% CI: 0.84, 0.97; soldier = 0.76, 95% CI: 0.67, 0.83; minor worker = 0.53, 95% 
CI: 0.44, 0.62) and disappeared at the highest concentration (supersoldier = 1.0, 95% CI: 
0.74, 1.0; soldier = 1.0, 95% CI: 0.73, 1.0; minor worker = 0.99, 95% CI: 0.68, 1.0; 
Figure 3.1). 
Nest-search behavior 
There was no significant effect of worker size class on search pattern metrics 
(MANOVA: Wilks λ= 0.91, F8,202 = 1.31, P= 0.33). Pair-wise MANOVAs showed 
minors did not differ significantly from soldiers (Wilks λ= 0.93, F4,66= 1.27, P= 0.29) or 
supersoldiers (Wilks λ= 0.92, F4,64= 1.33, P= 0.27), and that soldiers did not differ 
significantly from supersoldiers (Wilks λ= 0.95, F4,69= 0.84, P= 0.50). Furthermore, LDA 
correctly classified only 47% of total observations, although there was some variation 
across worker size in the fraction of correctly identified observations (minor = 0.39, 
soldier = 0.58, supersoldier = 0.42; Figure 3.2).   
Nestmate recognition and intraspecific aggression 
 Average aggression score (ANOVA: F2, 57 = 0.99, P = 0.38; Figure 3.3a) and 
frequencies of acts per response category (Kruskal-Wallis: non-aggressive, χ 2 = 1.35, P = 
0.51, Figure 3.3b; olfactory, χ 2 = 0.09, P = 0.96, Figure 3.3c; aggression, χ 2 = 0.23, P = 
0.89, Figure 3.3d) were not significantly different across worker size classes. 
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MG structure 
MG structure varied across minors, soldiers, and supersoldiers (Figure 3.4). 
Worker size class significantly affected MG density (ANOVA: F2,33 = 9.76, P< 0.001; 
Figure 3.5a): supersoldiers had significantly less dense MG than minors, but soldiers did 
not differ in density compared to other size classes. No significant differences were found 
in MG density in the collar, which comprised a small fraction of the MB calyx (ANOVA: 
F2,33 = 0.37, P= 0.69; Figure 3.5b). There was an effect of worker size class on bouton 
size in the lip (ANOVA: F2,33 = 13.25, P <0.0001; Figure 3.5c) such that supersoldier 
bouton size was significantly greater than that of soldiers and minors, which did not 
differ. There were significant differences in average bouton size in the collar (ANOVA: 
F2,33 = 4.0, P= 0.028; Figure 3.5d) between minors and supersoldiers only. After 
accounting for average MBC size for each worker size class, there were no significant 
differences between groups in estimated total number of MG (ANOVA: F2,33 = 2.18, P= 
0.13; Figure 3.6).  
 
DISCUSSION 
Worker size and behavioral performance 
To extend our understanding of the neural substrates associated with social insect 
division of labor, I examined relationships between body size, behavior, and synaptic 
organization in the strongly polymorphic ant P. rhea through performance assessments 
and by quantifying MG density, size, and number. I found no clear evidence of worker 
size-related behavioral discretization using assays selected to identify variation in a range 
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of common and ecologically important extranidal activities. I recorded significant 
positive associations between worker size and the probability of chemical trail detection 
and following at low pheromone concentrations. No significant differences in spatial 
characteristics of search path structure were identified, and responses of different-size 
workers to non-nestmates were not significantly different. These results did not support 
my prediction that minor workers and soldiers, due to their similarity in foraging ecology, 
would be most responsive to the olfactory information encoded in poison gland trail 
pheromone and cuticular hydrocarbons of non-nestmates and would also exhibit different 
and adaptive nest-search patterns.  
The relevance of my assay for trail-pheromone perception and following is 
supported by recent studies on chemical communication. Pheromone trail-following 
requires olfactory discrimination and motor coordination, behaviors appearing robust to 
worker task state, as demonstrated in the monomorphic ant Lasius niger (Czaczkes et al., 
2016). However, in the highly polymorphic fungus-growing ant A. vollenweideri, large 
foragers are more responsive than small foragers to pheromone trails, possibly due to 
size-related differences in locomotion, sensilla number, and/or other neural substrates of 
odor processing in primary olfactory input areas (Kleineidam et al., 2007). The enhanced 
trail-following ability of P. rhea supersoldiers may be a biomechanical consequence of 
their allometrically larger head and larger body size, which may consequentially lower 
speed of movement compared to minors, or a result of an increased number of 
chemoreceptors on their larger and longer antennae (unpublished data). These differences 
would allow supersoldiers greater opportunity to sample the concentration gradient of 
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active space of chemical trails, thus increasing the probability of detection and following. 
Neuromodulators may also control trail-following behavior in Pheidole: serotonin 
increases sensitivity to trail pheromone in minor workers of P. dentata in association with 
the initiation of extranidal activities such as foraging, and the expansion of repertoire 
with age (Seid & Traniello, 2006; Muscedere et al., 2012). However, P. rhea brain 
monoamine titers standardized for brain mass appear to be similar across worker size 
classes, suggesting serotonin does not have the same neuromodulatory effect (Arganda, 
Gordon, and Traniello, unpublished data).   
My present results contrast with the demonstration of subcaste threshold 
differences in olfaction in Pheidole pallidula. In this dimorphic species, minors had 
higher responsiveness to chemical cues than soldiers (Detrain & Pasteels, 1991). 
However, what would appear to be an interspecific difference in sensory function may be 
explained by methodology. I assayed trail-following behavior by measuring movement 
along artificial chemical trails, whereas Detrain and Pasteels (1991) measured the 
induction of workers from the nest elicited by poison gland extract deposits on paper as 
point sources. Exocrine gland secretion components are known to release different 
recruitment and orientation behaviors (Vander Meer et al., 1988), P. rhea minors may not 
be able to accurately orient along low concentrations of trail pheromone, but instead 
respond with exploratory behavior to a poison gland secretion fraction present in low 
concentration. I am unable to determine if the greater apparent sensitivity of supersoldiers 
to trail pheromone is the result of selection on chemoreception or a byproduct of their 
larger size. Higher trail sensitivity, and possibly greater accuracy in following, may be 
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adaptive in supersoldiers, which are energetically costly to produce and may be lost if 
their trail orientation fails. This is consistent with the foraging ecology of P. rhea: minor 
workers and soldiers are routinely observed foraging in the field, whereas supersoldiers 
are induced to depart the nest only when required to process food items too difficult for 
smaller-bodied workers (personal observations; Huang 2012). It may also be that 
supersoldiers need to be accurately and rapidly recruited to defend again specific enemies 
such as army ants (Huang, 2010). 
Search patterns are generated by displaced workers to increase the likelihood of 
successful homing (Wehner & Srinivasan, 1981; Merkle et al., 2006; Merkle & Wehner, 
2010; Schultheiss & Cheng, 2013; Schultheiss et al., 2016). Such spatial cognition in ants 
is linked to foraging ecology. For example, acacia ants forage exclusively on their nest 
tree and may become more disoriented upon displacement than workers of central-place 
foraging ant species (Amador-Vargas & Mueller, 2017). I predicted search patterns of 
supersoldiers would reflect what would appear to their lack of involvement in foraging. 
In my assay, this should have resulted in faster dispersion as well as shorter, less sinuous 
paths. However, the results show that worker search patterns were independent of body 
size, suggesting motor outputs are served by similar neuronal architecture. 
Contrary to predictions derived from our understanding of the behavioral ecology 
of worker size variation in P. rhea, I found no significant differences in recognition 
capability and aggressive response to non-nestmates. This result differs from the pattern 
described in the polymorphic fungus-tending ant Acromyrmex echinator, in which size-
based differences in aggression towards non-nestmates seemed to result from the 
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increased attack motivation of large workers, and the lower ability of small workers to 
perceive nestmate cues (Larsen et al., 2014). My assay used a single restrained alien 
conspecific minor worker presented in a neutral arena, a robust, standard test for nestmate 
recognition that would not appear to be influenced by worker size. Because of the 
developmental complexity of nestmate recognition systems (Bos & D’Ettorre, 2012), 
which  likely incorporates subcaste variation in sensilla number, antennal lobe glomeruli 
structure, and their downstream effects on integrative processing, I anticipated that any 
potential differences in recognition would be underscored by MG variation. Variation in 
response to non-nestmates in P. rhea could be based on task work site and/or modulated 
by social cues. The lack of variation in aggressive responses I found is corroborated by 
my laboratory observations of vigorous defense by minors, soldiers, and supersoldiers, all 
of which adopt a threat posture when the nest is disturbed. However, I did not measure 
size-related efficacies of neutralizing threats, which might be greater in larger-bodied 
workers that have larger heads and mandibles with enhanced muscular force (Gronenberg 
et al., 1997). In P. pallidula, soldiers have higher response thresholds for defensive 
functions, but use their mandibles to kill intruders already restrained by minor workers 
(Detrain & Pasteels, 1992). Nevertheless, such differences in effectiveness would be 
related to biomechanical differences rather than variation in recognition.  
Synaptic structure, worker size, and behavior 
Relationships between morphological differentiation, task specialization and 
neurobiology vary in ants. For example, major workers of the Australasian weaver ant 
Oecophylla smaragdina are task generalists, whereas smaller-bodied minor workers 
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specialize on intranidal tasks; division of labor in this species is caused by subcaste 
differences in the neuromodulator octopamine (Kamhi et al., 2015), but is not evident in 
MB scaling, or MG density and size (Kamhi et al., 2017). Additionally, the branching 
pattern of an extrinsic serotonergic MB calyx neuron in P. dentata is more complex in 
soldiers than minor workers, although soldiers have a significantly smaller behavioral 
repertoire (Giraldo et al., 2013).  
I found MG were significantly more dense and smaller in the lip of minor workers 
and soldiers in comparison to supersoldiers, but did not find differences in the total 
number of MG across worker size classes. Supersoldiers had significantly larger MBs 
than minor workers, although in this subcaste MBs constitute a smaller fraction of total 
brain neuropil (Gordon et al., 2017b in prep.) and have larger, less densely packed MG. 
A positive association between MG size and sensory processing has been suggested to 
explain the trend of larger lip boutons in older weaver ant workers (O. smaragdina) that 
engage in extensive pheromonal communication (Kamhi et al., 2017). Increased bouton 
size is associated with age-related repertoire expansion and MB growth in minor workers 
of P. dentata (Seid et al., 2005; Seid & Traniello, 2006). In this congener of P. rhea, the 
average volume of individual presynaptic boutons in the MB lip region and the number of 
synaptic partners and vesicles increase from adult eclosion to behavioral maturity at 
approximately three weeks post-eclosion, while the number and density of boutons 
decrease (Seid et al., 2005). However, from behavioral maturity to 86% of the adult 
minor worker lifespan, MG density does not change, possibly contributing to the robust 
and plastic behavioral performance of “elderly” minor workers in this species (Giraldo et 
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al., 2016). Increased bouton size accompanied by decreases in bouton density and 
number therefore are associated with the development of a more diverse repertoire 
resilient to senescence, and MG density is apparently stable throughout the minor worker 
lifespan. MG structure is also developmentally robust to sensory injury, as demonstrated 
by neurobiological investigations of P. dentata after unilateral antennal ablation 
(Waxman et al., 2017).  
Age-related behavioral transitions leading to foraging in the honeybee are 
associated with increases in MB neuropil volume, and MG density decreases in the both 
the MB lip and collar (Groh et al., 2012). Similarly, in the desert ant Cataglyphis fortis, 
decreases in MG density and number are causally associated with visual experience 
(Stieb et al., 2010, 2012), although in the Australasian weaver ant, O. smaragdina, age-
related reductions in MG collar density are irrespective of light exposure implying 
experience-expectant plasticity (Kamhi et al., 2017). Long-term memory formation in 
honeybees is associated with increased MG density without increased neuropil volume, 
consequently increasing MG number (Hourcade et al., 2010). In the fungus-tending ant 
Acromyrmex ambiguous such an increase may be transient, and through synaptic 
remodeling, MG density and absolute number may stabilize after learning (Falibene et 
al., 2015). In these two studies, cognitive demands of memory formation are associated 
with both increased MG density and number because individuals sampled had 
comparable brain size. However, in the polymorphic fungus-growing ant A. 
vollenweideri, constant packing density coupled with differences in neuropil volume 
result in a positive relationship between absolute MG number and worker body size 
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(Groh et al. 2014), suggesting that low absolute numbers of MG may compromise the 
ability to process and store memory independent of their density (Groh et al., 2014).  
I found a positive association between MG size and trail pheromone detection and 
following ability across P. rhea worker size classes. Therefore, increased MG size and/or 
decreased density may reflect enhanced olfactory processing ability, explaining the 
enhanced trail pheromone responsiveness of supersoldiers, if this responsiveness involves 
sensory processing rather than the biomechanics of locomotion. MG structure appears to 
be a useful proxy for cognitive processing ability in ants. However, sampling is currently 
very limited considering the species-richness of ants and variability in individual worker 
and colony-level behavior. 
Conclusions  
My research complements studies that correlate brain volume and behavior with 
analyses of synaptic circuitry to better understand the neurobiology of the eusocial insect 
“social brain” (Lihoreau et al., 2012). Although MG density and size patterns may be 
functionally related to performance-based variation in trail pheromone detection and 
following in P. rhea, their association with repertoire size is less clear (Gordon et al., 
2017b in prep.). However, overlap in repertoire across size classes in P. rhea (Gordon et 
al., 2017b in prep.) and similarity in assayed behavioral performance may be underscored 
by similar processing abilities supported by a conserved number of MG. Behavioral 
performance seems to correlate with MG number, but morphological differentiation does 
not appear to be consistently integrated with synaptic organization. Regulatory 
mechanisms of morphological and neurobiological development and the functional 
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significance and behavioral correlates of MG organization require additional study 
(Fahrbach & Van Nest, 2016). 
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TABLES AND FIGURES 
 
Figure 3.1. Trail pheromone detection and following (95% confidence intervals) for three 
poison gland extract concentrations for minors (N = 17, red), soldiers (N = 18, green), 
and supersoldiers (N = 17, blue). 
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Figure 3.2. Linear discriminate function analysis of search pattern according to worker 
size class. Observations (points) are connected to the center of mass and inertia ellipses 
include two thirds of the observations for minors (N = 33, red), soldiers (N = 38, green), 
and supersoldiers (N = 36, blue).
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Figure 3.3. (a) Average aggression score and act frequencies of (b) non-aggressive, (c) 
olfactory, and (d) aggressive (mandible flaring, lunging, and biting) behaviors (minors: N 
= 19, soldiers: N = 21, supersoldiers: N = 20). 
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Figure 3.4. Representative MG micrographs of a (a) minor, (b) soldier, and (c) 
supersoldier. 
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Figure 3.5. Comparisons of MG (a, b) density and (c, d) size in the (a, c) lip and (b, d) 
collar of the MBCs for worker size class (N = 12 individuals per worker size class). 
Tukey HSD P-values: NS > 0.05, * < 0.01, ** < 0.001, *** < 0.001. 
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Figure 3.6. Comparisons of estimated total number of MG in the MBCs of P. rhea 
workers of different size classes. Values were calculated using the average density of MG 
and calyx volume per size class.
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CHAPTER FOUR: INTERSPECIFIC COMPARISON OF MUSHROOM BODY 
SYNAPTIC COMPLEXES OF DIMORPHIC WORKERS IN THE ANT GENUS 
PHEIDOLE  
 
ABSTRACT 
Brain structure is predicted to adaptively reflect cognitive demands. In social 
insects, cognitive abilities may be divided among morphologically differentiated workers 
behaviorally specialized on different tasks that vary in requirements for sensory 
information processing. In the insect mushroom bodies (MB), the density, size, and 
number of synaptic complexes (microglomeruli, MG), have been used as proxies for 
cognitive processing ability and synaptic plasticity. To understand the relationship 
between behavioral specialization and synaptic structure, I examined age-related changes 
in MG density, size, and number between dimorphic minor worker and soldier subcastes 
in two species of Pheidole ants, P. dentata and P. morrisi, that differ in task repertoire 
size. I hypothesized that minor workers, which have a more diverse task repertoire, would 
have more densely packed MG than soldiers, and that species-specific differences in 
soldier task repertories would be reflected in MG organization. I also examined MG 
variation in young and mature minor workers and soldiers, predicting that as workers age 
and develop behaviorally, MG would decrease in density in both subcastes due to 
synaptic remodeling. Results support the hypothesis that MG density in the lip (olfactory) 
and collar (visual) regions of the MBs decrease with age and that these decreases are 
associated with increases in bouton size in the lip, indicating synaptic remodeling. 
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However, contrary to predictions, minors had significantly lower densities of MG in the 
lip and fewer MG than soldiers, suggesting these synaptic complexes may not show 
structural variation according to subcaste-related differences in cognitive demands in 
either species. 
 
INTRODUCTION 
Behavioral responses to cognitive challenges are predicted to be reflected in the 
structure and organization of the brain (Roth, 2015). The mushroom bodies (MBs) - brain 
compartments that function in higher-order processing of sensory information – have 
long been associated with cognition in insects. Kenyon cells, the principal neurons of the 
mushroom bodies, receive sensory input in the mushroom body calyces (MBCs), and 
send their axons through the peduncle to the lobes where postsynaptic efferent neurons 
integrate their input to control behavior (Farris & Sinakevitch, 2003; Heisenberg, 2003; 
Fahrbach, 2006; Farris, 2008; Strausfeld et al., 2009). Across diverse taxa such as locusts 
(Ott & Rogers, 2010), butterflies (Snell-Rood et al., 2009), fruit flies (Heisenberg et al., 
1995), and honey bees (Withers et al., 1993, 2008; Riveros & Gronenberg, 2010), 
patterns of MB neuropil growth are associated with behavioral responses to 
environmental challenges. Although variation in neuropil allocation likely supports 
behavioral differences across insect species, descriptions of MB circuitry are required to 
better understand the neurobiological basis of behavior (Chittka & Niven, 2009; Lihoreau 
et al., 2012). 
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The MBCs are composed of microglomeruli (MG), synaptic complexes formed 
by sensory projection neuron boutons and dendritic spines of intrinsic MB Kenyon cells, 
are thought to enable neural plasticity and cognitive processing (Frambach et al., 2004; 
Groh & Rössler, 2011; Schurmann, 2016). Information processing challenges 
experienced by eusocial insect workers likely differ in association with division of labor 
and distributed intelligence, which in turn affect brain organization (Anderson & 
McShea, 2001; Feinerman & Traniello, 2015; Feinerman & Korman, 2017). In eusocial 
bees and ants, MG variation is correlated with temperature during development (Groh et 
al., 2004, 2006; Falibene et al., 2016), memory formation (Hourcade et al., 2010; 
Falibene et al., 2015), and behavioral maturation (Krofczik et al., 2008; Stieb et al., 2010, 
2012; Groh et al., 2012; Scholl et al., 2014; Muenz et al., 2015; Yilmaz et al., 2016; 
Kamhi et al., 2017). Decreases in MG density appear to correspond to age- and/or 
behavioral development-related increases in MG size (Stieb et al., 2010, 2012; Groh et 
al., 2012). The relationship to MG structure to the morphological differentiation of 
workers and their task specializations, however, are not well understood. 
The species-rich ant genus Pheidole exhibits a striking polyphenism in the sterile 
worker caste, which is composed of small-bodied, task-generalist minor workers, and 
larger major workers or “soldiers” (the latter term used herein) that have 
disproportionately large heads and are typically specialized on colony defense (Wilson, 
2003). There is wide variation in worker dimorphism and soldier specialization (Wilson, 
2003; Mertl & Traniello, 2009), making Pheidole an excellent system to examine how 
differences in cognitive demands of task performance impact synaptic organization in the 
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MBs. I selected two Pheidole species that differ in ecology, subcaste specialization and 
degree of task overlap to compare MG structure. P. dentata soldiers appear wholly 
specialized on defense (Wilson, 1976a), whereas P. morrisi soldiers have broad 
repertoires that extend beyond colony security and include brood care and foraging 
(Patel, 1990). Sociobiological divergence between P. dentata and P. morrisi is correlated 
with soldier/minor worker size ratios and subcaste task repertoires, and is evident in brain 
size and scaling relationships of functionally specialized brain compartments in newly 
eclosed (callow) and mature workers (Muscedere & Traniello, 2012). Neuropil volume 
differences, however, do not reveal all behaviorally relevant neurobiological 
differentiation (Healy & Rowe, 2007; Lihoreau et al., 2012); synaptic structure may 
correlate with subcaste variation in task performance and behavioral development (Seid 
et al., 2005; Groh et al., 2014; Giraldo et al., 2016; Kamhi et al., 2017). I used P. dentata 
and P. morrisi as models to test the hypothesis that species-, subcaste-, and age-related 
variation in behavioral performance are associated with MG structure. I hypothesized that 
in both species MG density would be greater in minors than soldiers due to the larger 
repertoire size of minors, and that MG metrics would be more similar between P. morrisi 
subcastes because soldiers are more behaviorally diverse in this species and have 
repertories more equivalent to minor workers. Furthermore, I predicted that young 
workers of both species would have a greater density of smaller MG than mature workers 
due to synaptic remodeling accompanying behavioral development associated with the 
maturation of task repertories. 
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METHODS 
Ant collection and culture 
Queenright P. dentata (N = 9) and P. morrisi (N = 4) colonies were collected in 
Gainesville, Florida and Long Island, New York, respectively, and maintained in an 
environmental chamber at 25°C, 65% humidity with a 12h:12h light:dark cycle in test 
tubes partially filled with water plugged with cotton inside plastic boxes (20cm x 28cm) 
coated with Fluon®. Colonies were fed 1M sucrose and live mealworms, fruit flies, or 
scrambled eggs every other day.   
Microglomeruli imaging and quantification 
Minor workers and soldiers from P. dentata and P. morrisi were used to 
determine average MG density for the two species, subcastes, and age groups (N = 80 
total, 10 per group). Age was typically estimated by cuticle pigmentation, which 
progressively darkens after adult eclosion. Fully pigmented workers outside the nest were 
considered mature (> 3 weeks in age) and were sampled in addition to two individuals 
known to be 21 days old. Newly eclosed workers, uniformly pale in color (callows) found 
with pupae were conservatively considered less than three days old (Wilson, 1976c; Seid 
& Traniello, 2006) and were sampled in addition to four individuals known to be one day 
old, and two individuals that were six days old. Brains were dissected in ice-cold HEPES 
buffered saline (Groh & Rössler, 2011; Giraldo et al., 2016), fixed with 4% 
paraformaldehyde in 0.1M PBS overnight at 4°C on a rotator. Brains were washed with 
0.1M PBS (3 x 20 minutes) before embedding in low melting point agarose (5 g/mL 
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PBS) and cut into 100μm sections using a vibratome in the horizontal plane. Sections 
were incubated for 20 minutes each in 2% and 0.2% Triton-X-100 in 0.1M PBS 
(PBSTx), before they were blocked in 2% normal goat serum (NGS) in 0.2% PBSTx for 
one hour at room temperature on a plate shaker. Sections were incubated in primary 
antibody, SYNORF1 (1:50), and AlexaFluor488-phalloidin (1:500) while covered in foil 
for at least three nights on a plate shaker at room temperature. Section were washed in 
0.1M PBS (5 x 20 minutes) and incubated in AlexaFluor568 goat anti-mouse secondary 
antibody (1:250). After fluorescent labeling, the brains were washed in 0.1M PBS (5 x 20 
minutes) before an overnight incubation in 60% glycerol at room temperature on a plate 
shaker while covered in foil. Finally, sections were incubated in 80% glycerol for 30 
minutes, mounted onto glass slides, and sealed with nail polish. Slides were imaged with 
a 60X objective on an Olympus Fluoview FV10i inverted laser scanning confocal 
microscope.  
Optical sections (1.55µm thick) that distinguished both the collar and lip, ideally 
in a plane in which the MB calyxes were bisected by the MB peduncle, were made. Each 
image typically contained both medial and lateral calyxes and was coded to blind the 
observer during image processing. MG density and size were measured using a modified 
protocol of Giraldo et al. (2016). Two adjacent circles (400µm2 each) were overlaid in 
the lip region and all MG not intersecting the circumference of those circles were counted 
using Fiji (version 1.51) at 300X digital magnification (Figure 4.1). Because the collar 
region in Pheidole is small, I quantified its area in each image and counted all MG 
within. A grid (10µm2 squares) was overlaid on predefined counting areas, and a random 
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number generator was used to select five squares in which all boutons within the square 
or intersecting the top or right borders were measured along the longest aspect. Average 
density of MG in the lip and collar for each worker were calculated by dividing the 
counts of MG by the volume of the counting areas. MG size for the lip and collar for each 
individual was calculated from the average bouton length in each region. The estimated 
total number of MG per brain hemisphere was calculated using density information 
reported here and average calyx volume for each age, subcaste, and species group 
published in Muscedere and Traniello (Muscedere & Traniello, 2012). All analyses were 
conducted in R (version 3.3.2).  
Analyses of variance (ANOVA) were used to determine differences in means 
across species, age, subcaste, and their interactions. Assumptions of residual normality 
and homoscedasticity were assessed using Shapiro and Bartlett tests. Estimated total 
number of MG violated assumptions of the residuals, so square root transformations were 
applied to regain normality and reduce heteroscedasticity. Even with transformation, the 
residuals from estimated total number of MG across age groups did not have equal 
variances. However, the difference in variance was by a factor of two and the sample 
sizes were balanced. Since ANOVA is robust to this violation, tests proceeded without 
further transformations. Post-hoc Tukey Honest Significant Difference (HSD) was used 
to test pairwise-comparisons when significant interaction effects were detected.  
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RESULTS 
Species-, subcaste-, and age-related variation in MG organization 
MG density in the lip was affected by subcaste (F1,72 = 5.55, p = 0.02), age (F1,72 = 
14.10, p = 0.0004) and species (F1,72 = 9.39, p = 0.003), without interactions (Table 4.1). 
In the lip region, on average, soldiers had more densely packed MG than minors, callows 
had more densely packed MG than mature workers, and P. dentata had more densely 
packed MG than P. morrisi. Only age had a significant effect on MG size in the lip (F1,72 
= 15.50, p = 0.0002); mature ants had larger boutons (Table 4.1). Species (F1,72 = 4.23, p 
= 0.04) and age (F1,72 = 25.10, p < 0.0001) effects were significant for MG density in the 
collar; callows and P. dentata had significantly more densely packed MG on average 
compared to mature workers and P. morrisi, respectively (Table 4.1). There were no 
significant main effects or interactions on bouton size in the collar (Table 4.1). The 
estimated total number of MG per hemisphere was significantly affected by subcaste 
(F1,72 = 13.42, p = 0.0005), age (F1,72 = 5.24, p = 0.03), their interaction (F1,72 = 13.84, p = 
0.0004), and species identity (F1,72 = 10.26, p = 0.002; Table 1). P. morrisi had 
significantly more MG per hemisphere than P. dentata. The age/subcaste interaction 
effect was due to mature soldiers having absolutely more estimated MG per hemisphere 
compared to all other groups (Tukey HSD tests: p < 0.001), which did not significantly 
differ (Tukey HSD tests: p > 0.05). 
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DISCUSSION  
 MG structure correlated with species-, subcaste-, and age in minor workers and 
soldiers of P. dentata and P. morrisi, although results did not consistently correspond to 
the patterns I predicted. I did not identify species/subcaste interactions; therefore, 
interspecific differences in subcaste repertoires were not reflected in MG structure. P. 
dentata, however, had significantly more densely packed MG in both the MB lip and 
collar compared to P. morrisi, and P. morrisi had a higher estimated total of MG. These 
patterns appear to be related to brain size: P. dentata have absolutely smaller brains and 
MBCs than P. morrisi (Muscedere & Traniello, 2012), but increased MG density in P. 
dentata did not result in absolutely more MG. Scaling is thus important to understand 
synaptic circuitry in social insect worker brains (Groh et al., 2014). Behavioral repertoire 
was not positively associated with subcaste patterns of MG structure: soldiers had denser 
lip MG compared to minors in both species, contrary to my prediction that minors would 
have denser MG due to their pluripotent behavior. Additionally, mature soldiers had 
significantly more MG, perhaps due to their absolutely larger MBCs, compared to all 
other groups, which did not differ.   
I found evidence of age-related synaptic remodeling in the two Pheidole species I 
sampled. MG density decreased as workers aged, suggesting axonal pruning, consistent 
with results of ultrastructural studies of callow and mature P. dentata minor workers 
(Seid et al., 2005). Boutons in P. dentata older minors are more than twice as large as 
those of callow minors, and older minors have more synapses per bouton, greater bouton 
volume per synapse, and more vesicles per postsynaptic density (Seid et al., 2005). This 
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remodeling occurs in association with an age-related increase in task diversity in P. 
dentata (Seid & Traniello, 2006).  
I used age as a proxy for repertoire size and/or task performance ability in my 
comparative study because P. dentata minor workers show and eightfold increase in the 
number of acts they perform three weeks after adult eclosion (Seid & Traniello, 2006). 
This qualitative increase in task diversity occurs concomitantly with an increase in the 
efficiency of nursing (Muscedere et al., 2009), and perhaps other aspects of task 
performance, such as act frequency. Repertoire size of mature P. dentata soldiers is 
significantly smaller, but as soldiers age, they may be able to more effectively perform 
tasks. The behavioral capabilities of callow P. dentata soldiers, and likely soldiers of 
other species, appear to be constrained by the relatively poor development of the cephalic 
muscles that power their mandibles - the appendages most functionally significant to 
effective task performance (Muscedere et al., 2011). Therefore, although soldiers may 
not expand their repertoire with age to the same extent as minor workers, they may show 
age-related increases in act frequency and/or efficiency. Behavioral development likely 
involves both qualitative and quantitative changes in task performance by minors and 
soldiers. Therefore, MG density and size may vary similarly in association with these 
age-related behavioral changes. 
My comparison of Pheidole species showed that a decrease in MG density in the 
lip, but not the collar, was associated with increases in MG bouton size for both species 
and subcastes, likely underpinning the importance of olfaction in the regulation of social 
behavior. An increase in bouton size in the collar, concomitant with synaptic pruning, is 
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associated with behavioral development in workers of Cataglyphis albicans that rely on 
vision for accurate navigation (Seid & Wehner, 2009). Concurrent decreases in MG 
density and increases in bouton size in the collar depend on visual experience in the 
desert ant Cataglyphis fortis (Stieb et al., 2010, 2012), experience-expectant processes in 
the Australasian weaver ant, Oecophylla smaragdina (Kamhi et al., 2017), and 
behavioral transitions in the honeybee Apis mellifera (Krofczik et al., 2008; Groh et al., 
2012; Scholl et al., 2014; Muenz et al., 2015). MG density may change dynamically on a 
relatively short temporal scale (Falibene et al., 2015; Fahrbach & Van Nest, 2016). Since 
I did not perform experimental manipulations, the basis of age-related synaptic 
modifications in the lip and collar in my study species requires further study.  
Patterns of MG density, size, and number do not consistently correlate with size-
related task differences among polymorphic ant workers (Groh et al., 2014; Kamhi et al., 
2017). MG density is positively associated with repertoire sizes in the exceptionally 
polymorphic Pheidole rhea, but the correlation is negative in the dimorphic turtle ant 
Cephalotes varians (Gordon et al., 2017a in prep., 2017c in prep.), and there is no 
significant association in O. smaragdina (Kamhi et al., 2017). In the fungus-growing ant 
Atta vollenweideri, the smallest workers (minims) have the largest MBs relative to brain 
size, but MG packing density does not vary with worker body size. This results in fewer 
MG in small workers and suggests that behavioral capability, if dependent on the 
computational abilities of MG, is lower than that of larger workers (Groh et al., 2014). 
In both P. dentata and P. morrisi, the more pluripotent behavior of mature minor 
workers and more expansive task repertoires of P. morrisi soldiers were not associated 
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with more densely packed MG. Similarly, the structure of a MB serotonergic calyx input 
neuron in P. dentata did not correlate with subcaste specializations according to 
expectations. In young and mature soldiers, this neuron has a more complex branching 
pattern than in minors, and an effect of age was found only in soldiers (Giraldo et al., 
2013), contrary to the hypothesis that age-based repertoire expansion and its neural 
demands in minor workers would require greater arborization. This pattern is also not 
consistent with the role of serotonin in the modulation of age-related behavior (Seid et 
al., 2008; Muscedere et al., 2012). Giraldo et al. (2013) suggest that the growth of the 
calyx input neuron underpins preparedness to perform rare, but critical, defensive 
functions. This study, together with my present results, suggest that subcaste differences 
in task specialization may not be reflected in the cellular aspects of brain organization I 
examined. 
Why are the density and estimated total MG number higher in P. dentata and P. 
morrisi soldiers than minors? Pheidole minors are generally more active in performing a 
wider array of tasks than soldiers (Wilson, 1984; Mertl & Traniello, 2009) and thus may 
undergo more extensive synaptic remodeling as a result of enhanced neural activity 
(Riccomagno & Kolodkin, 2015). Such activity-induced loss of synaptic connections 
could explain the decreased MG density I found in minor workers of both species, but not 
the absence of species/subcaste interaction effects. Since P. morrisi soldiers and minors 
have comparable repertoires and activity levels (Patel, 1990; personal observation), they 
both likely experience synaptic remodeling and thus should have MG metrics relative to 
the same subcaste comparison in P. dentata. However, it may be difficult to detect such 
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species differences in soldiers if MG changes result from experiences that occur under 
natural conditions. P. dentata and P. morrisi soldiers differ in their socioecological roles: 
both P. dentata and P. morrisi soldiers are recruited for defense (Wilson, 1976a; Feener, 
1987), but P. morrisi soldiers also play a significant role in foraging and competitive 
interactions. How minor worker and soldier participation in foraging, territory 
maintenance and defense in the field is specifically associated with synaptic modification 
is unclear. Diurnal or nocturnal activity and related abiotic environmental stimuli, 
resource distribution patterns, and competitor identity could be important. These 
ecological experiences, which are lacking in laboratory-reared colonies, may be 
important for synaptic remodeling. Therefore, the interaction between subcaste and 
species in MG density and number may be obscured.   
Conclusions  
This study is the first comparison of MG microcircuitry in closely related ant 
species (Moreau, 2008) that differ in ecology, sociobiology, and gross neuroanatomy 
(Muscedere & Traniello, 2012). I identified species-, subcaste-, and age-associated 
patterns of MG density, size, and number that correlate with differences in brain size, 
behavior, and socioecology. Manipulations that can establish causal relationships 
between experience and synaptic circuitry in these species and other sister clades will be 
valuable to understand the cellular basis of adaptive social behavior in ants.  
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TABLES AND FIGURES 
 
Table 4.1: Density and size of MG (means ± standard deviation, SD) in the MB lip and 
collar, and significance of differences (p values: * < 0.05, ** < 0.01, *** < 0.001) across 
species, subcaste, and age groups. 
 Lip density 
(MG/µm3) 
Lip MG size 
(µm) 
Collar 
density 
(MG/µm3) 
Collar MG 
size (µm)  
Estimated total 
MG/hemisphere 
(x104) 
P. dentata 
minor 
callow 
0.15 ± 0.03 1.21 ± 0.13 0.17 ± 0.04 1.14 ± 0.12 12.63 ± 2.18  
  
P. dentata 
minor 
mature 
0.12 ± 0.02 1.28 ± 0.08 0.12 ± 0.04 1.11 ± 0.20 11.22 ± 2.10  
P. dentata 
soldier 
callow 
0.16 ± 0.03 1.16 ± 0.09 0.17 ± 0.03 1.09 ± 0.11 12.26 ± 2.03  
P. dentata 
soldier 
mature 
0.14 ± 0.02 1.27 ± 0.12 0.14 ± 0.03 1.17 ± 0.13 14.49 ± 1.28  
P. morrisi 
minor 
callow 
0.13 ± 0.02 1.16 ± 0.13 0.15 ± 0.03 1.10 ± 0.15 13.08 ± 1.75  
P. morrisi 
minor 
mature 
0.12 ± 0.03 1.30 ± 0.14 0.12 ± 0.03 1.17 ± 0.13 13.24 ± 2.83  
P. morrisi 
soldier 
callow 
0.14 ± 0.02 1.25 ± 0.04 0.16 ± 0.02 1.17 ± 0.05 13.38 ± 1.60   
P. morrisi 
soldier 
mature 
0.13 ± 0.02 1.32 ± 0.13 0.12 ± 0.05 1.16 ± 0.16 17.50 ± 3.29  
Patterns of 
significant 
differences 
**P. dentata 
> P. morrisi; 
*soldier > 
minor;  
***callow > 
mature 
***Mature 
> callow 
*P. dentata > 
P. morrisi; 
***callow > 
mature 
None **P. morrisi > 
P. dentata; 
***soldier > 
minor; *mature 
> callow; 
***mature 
soldiers > all 
other groups 
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Figure 4.1. Representative micrographs of (a) mature P. morrisi soldier and (b) mature P. 
dentata minor brains (scale bars = 50µm). MG are visually similar across age and 
species. (c) Placement of counting circles in the lip region of a mature P. dentata minor; 
collar outlined in yellow. Inset: magnification of the distal medial calyx circle. 
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CHAPTER FIVE: NEUROBIOLOGICAL CORRELATES OF EXTREME 
MORPHOLOGICAL AND BEHAVIORAL SPECIALIZATION IN THE TURTLE 
ANT CEPHALOTES VARIANS 
 
ABSTRACT 
Significant questions in the evolutionary neurobiology of social insects concern 
relationships between caste, morphology and social role. Species that display extreme 
polyphenisms provide excellent models to address these questions by examining 
neuroanatomical and cellular correlates of division of labor. Turtle ants, Cephalotes 
varians, have distinct minor worker, soldier, and reproductive (gyne/queen) 
morphologies. Soldiers have shield-shaped heads used to defensively plug nest entrances, 
a trait common to gynes but absent in minor workers. In soldiers, this extraordinary head-
shape specialization is associated with the restricted repertoire of nest entrance guarding. 
Here I describe polyphenic patterns of brain investment and synaptic structure in C. 
varians. I determined scaling relationships among brain regions, and quantified the 
density, size, and number of microglomeruli, synaptic complexes in the mushroom body 
calyxes considered important to higher-order processing ability that may underscore 
behavioral performance. Scaling analyses revealed minors had disproportionately larger 
mushroom bodies than soldiers and gynes in association with differences in behavioral 
repertoire across female phenotypes. Soldiers and gynes had larger optic lobes, which 
may be important for flight and navigation in gynes, but seem to serve only minor 
behavioral functions in soldiers. Microglomeruli were larger and less dense in minor 
workers in comparison to soldiers and gynes, which did not differ. Correspondence in 
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brain structure in the absence of significant similarity in behavior may reflect 
developmental integration between soldiers and gynes. These patterns suggest that 
morphology and behavior are integrated with neurobiological traits within and between 
gynes, minors, and soldiers in C. varians and appear to support the developmental origin 
of soldiers as queen-worker intermediates. 
 
INTRODUCTION 
Adaptive morphology and neuroarchitecture support specialized behavior, and 
their integration is important to understanding phenotypic plasticity and its evolution 
(Powell & Leal, 2012; Holekamp et al., 2013; Tsuboi et al., 2014; Liao et al., 2015). In 
the eusocial hymenoptera, females are divided by a primary reproductive division of 
labor into fertile (queen) and sterile (worker) castes that potentially have identical 
genomes (Smith et al., 2008). Typically, queens are morphologically adapted for 
dispersal by flight and show transitions in behavior during colony foundation (Hölldobler 
& Wilson, 1990; Peeters & Ito, 2001), which may co-occur with neurobiological changes 
in the brain (Julian & Gronenberg, 2002; Muscedere et al., 2015). Workers may be 
differentiated into physical subcastes that vary in task specializations (Wilson, 1974; 
Hasegawa, 1993; Powell & Franks, 2006; Powell, 2009, 2016; Huang, 2010; Peeters et 
al., 2013). The brains of queens and workers, and those of workers in different subcastes, 
may be distinguished by the relative proportion of neuropil in functionally specialized 
brain regions and these differences correlate with social role (Mares et al., 2005; 
O’Donnell et al., 2011, 2014, 2015; Muscedere & Traniello, 2012). 
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The degree of morphological differentiation between reproductives and workers is 
positively correlated with morphological diversity within the worker caste (Fjerdingstad 
& Crozier, 2006). In taxa with distinct castes and subcastes, size, form, and behavioral 
specialization are predicted to be integrated with neuroarchitecture, but these 
relationships are not well understood. The behavioral demands of reproduction and 
colony foundation have neurobiological correlates (Julian & Gronenberg, 2002; 
O’Donnell et al., 2011, 2014; Muscedere et al., 2015) and brain structure may be 
associated with subcaste division of labor (Muscedere & Traniello, 2012; Ilieş et al., 
2015; Kamhi et al., 2017). Worker dimorphism, age, and social role development and 
differentiation may be reflected in divergent neural phenotypes in some species 
(Muscedere & Traniello, 2012) but conserved in others (Kamhi et al., 2017). The 
behavioral differentiation of female phenotypes may also be found in synaptic complexes 
termed microglomeruli (MG), which are formed from sensory neuron projection boutons 
and dendritic spines of mushroom body (MB) intrinsic Kenyon cells. MG have been 
shown to enable neural plasticity, and have been used as proxies for information 
processing abilities that correlate with behavioral demands (Frambach et al., 2004; Groh 
& Rössler, 2011; Schurmann, 2016). However, MG may not be consistent in density, 
size, and number in association with worker size-related behavioral differences (Groh et 
al., 2014; Kamhi et al., 2017).  
Social organization in the turtle ant Cephalotes varians is characterized by a 
reproductive (queen) caste and dimorphic subcastes of small minor workers and larger 
highly specialized soldiers that use their shield-shaped heads as physical barriers to 
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control entry to the nest. Soldiers, which serve as “living doors,” perform few behaviors 
apart from their important role in colony security (Wilson, 1976b; Cole, 1980). C. 
varians gynes, like soldiers, also have shield-shaped heads used to block nest entrances 
during haplometrotic (single queen) colony foundation (S. Powell, personal 
communication). The extreme polymorphism associated with division of labor in this 
species involves variation in size, form and function. In light of these caste and subcaste 
differences, I hypothesized that neurobiological characteristics of C. varians correlate 
with reproductive and worker roles, particularly the extreme specialization in soldier 
body form and behavior. Due to their similarly large body size, I predicted soldiers and 
gynes would have significantly larger brain volumes than minor workers, and that the 
brain structure of mature C. varians minor workers would be characterized by large MBs, 
centers of learning, memory, and sensory integration, due to their larger behavioral 
repertoire (Cole, 1985), compared to soldiers and gynes. I hypothesized that brains of 
soldiers and gynes, which share morphological characteristics likely due to common 
developmental pathways, would be less differentiated, and that patterns of MG synaptic 
organization would be similar across female groups due to the integration of brain 
compartment scaling and synaptic circuitry within those compartments. Based on prior 
studies of polymorphic ants exhibiting task specialization (Groh et al., 2014; Gordon et 
al., 2017a in prep.), I expected minor workers to have fewer, smaller, and more dense 
MG compared to soldiers and gynes, reflecting the balance of processing needs and 
constraints imposed by small brain size.   
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METHODS 
Ant collection and culture 
Queenright C. varians colonies and colony fragments containing minor workers, 
soldiers, and winged gynes were collected in the Florida Keys from red mangrove stands. 
Colonies were kept in an environmental chamber at 25°C, 65% humidity with a 12h:12h 
light:dark cycle in test tubes partially filled with water plugged with cotton inside small 
(17cm x 12cm) plastic boxes coated with Fluon® (BioQuip) with ventilated lids. 
Colonies were provisioned with 1M sucrose every other day and pine pollen as needed. 
Brain size and compartment scaling 
Brains of minor workers, soldiers, and gynes (N = 20 per group) sampled from 
four colonies and seven colony fragments were processed using a modified 
immunohistochemical protocol (Ott, 2008; Kamhi et al., 2016). Brains were dissected in 
ice cold HEPES-buffered saline (HBS) and fixed overnight at 4°C on a shaker in 1% zinc 
formaldehyde. A series of HBS washes (6 x 10 minutes), were followed by further 
fixation in Dent’s fixative (4:1 methanol: dimethyl sulfoxide) for 1-2 hours before brains 
were stored in 100% methanol. When ready for further processing, brains were 
rehydrated in 0.1M Tris buffer and blocked for one hour in a normal goat serum (NGS) 
solution (PBSTN: 5% NGS + 0.005% sodium azide in 0.2% Triton-X phosphate buffered 
saline [PBST]). Brains were then incubated for four nights at 4°C on a shaker in primary 
antibody, SYNORF1 (AB_2315426; Developmental Studies Hybridoma Bank), diluted 
1:30 in PBSTN. Brains were washed again (6 x 10 minutes in 0.2% PBST) and incubated 
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for another three nights wrapped in foil at 4°C on a shaker in AlexaFluor488 
(ThermoFisher) goat anti-mouse secondary antibody (1:100 in PBSTN). Brains were 
washed again (6 x 10 minutes in 0.2% PBST) and dehydrated in a series of ethanol:PBS 
mixtures (5 minutes each in 30%, 50%, 70%, 95%, 100%, 100%) and stored overnight at 
-20°C wrapped in foil. Finally, brains were cleared and mounted with methyl salicylate in 
stainless steel well slides. An Olympus Fluoview BX50 laser scanning confocal 
microscope was used to image cleared brains with either a 10X or 20X objective. To 
produce image stacks with a true thickness of ~5µm, optical sections in the horizontal 
plane (3.1µm steps) were captured and corrected along the z-axis (by a factor 1.59) 
because of the refractive index mismatch between air and methyl salicylate (Muscedere 
& Traniello, 2012). 
Construction of brain templates 
Volumes of the functionally distinct brain regions for one hemisphere of each 
brain: optic lobe (OL, visual input), antennal lobe (AL, olfactory input), mushroom body 
calyces (MBC, integrative sensory input), mushroom body peduncle and lobes (MBP, 
integrative sensory output and modulation), central body (CB, motor integration and 
spatial navigation), and subesophageal zone (SEZ, gustation and head movement), in 
addition to the rest of the undifferentiated central brain (ROCB), were obtained for each 
individual by automatic labelling. This was accomplished by creating templates for 
minor, major, and gyne brains in the diffeomorphic space (Arganda-Carreras et al., 
2017). Diffeomorphisms are smooth invertible mappings of 3D images commonly used 
in computational anatomy, which creates mathematical representations of anatomical 
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shape, due to their topological properties and utility in providing biologically appropriate 
deformations (Klein et al., 2009). Templates consist of 3D average-shape brains resulting 
from the combination of co-registered original brains (N = 10) from confocal scans. The 
difference in illumination of the original brains is first corrected using histogram 
matching (Avants et al., 2004). Co-registration is then based on an initial affine 
transformation that maximizes mutual information between brain volumes (therefore 
identifying common neuropil shape), followed by an iterative refinement based on local 
non-rigid transformations that maximize the cross-correlation of the voxel intensities of 
co-registered brains. The final average shapes were created using a voxel-wise median 
over the co-registered brains. In a modification of the protocol described in Arganda-
Carreras et al. (2017), I did not build consensus labels, but manually traced brain regions 
for each template using Amira (FEI v 6.2.0). To automatically trace brain regions, I 
registered individual brains against the templates and then for each brain applied the 
reverse transform on the manual labels of the template to automatically label brain 
regions. All automatic labels were validated in Amira (FEI v 6.2.0) to reduce the chance 
of inaccuracies, and if needed, manual corrections were made before calculating regional 
volumes. Volumes and the proportions of neuropil allocated to each brain region are 
given in Appendix 4. All procedures except the manual tracing of brain regions were 
implemented using Advanced Normalization Tools (ANTs) software (Avants et al., 
2011). 
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Statistical analysis of brain structure 
I used analysis of variance (ANOVA) to test for the effect of female phenotype on 
the volume of the whole brain hemisphere, as a metric of overall brain size, and post-hoc 
Tukey Honest Significant Difference (HSD) tests to determine pairwise differences 
between female groups. Scaling relationships (slope, shift, elevation) of brain region 
volumes with the rest of the hemisphere volume (RH = OL + AL + MBC + MBP + CB + 
SEZ + ROCB – region of interest) were determined using standard major axis regression 
analysis (SMA) to compare female phenotypes with the package smatr (Warton et al., 
2006) in R (version 3.3.2). If brain regions of female phenotypes had similar slopes 
(shared β), 95% confidence intervals (CI) were calculated for the slope, and Pearson’s 
chi-squared (χ2) was used to determine if the common slope significantly differed from 
one. Differences among shift (axis shift) and elevation (grade shift) were examined using 
the Wald statistic (W2). Significant axis shifts indicate differences across groups in mean 
size, whereas grade shifts indicate differences in relative investment in a particular brain 
compartment at a similar x value.  
Hierarchical cluster and discriminate function analyses were employed to 
examine the degree of separation of brain phenotypes in multivariate space. To control 
for variation in overall brain size, the proportion of neuropil in each functional subregions 
(OL, AL, MBC, MBP, CB, SEZ) was calculated by dividing the region of interest 
volume by the volume of the whole hemisphere. Hierarchical cluster analysis using 
Euclidean distance and average linkage was used to assess groupings according to 
relative neuropil size without a priori assignment by caste or subcaste. Multiscale 
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bootstrapping methods (N = 10,000) were used to assign approximately unbiased (AU) p-
values using the package pvclust to determine if clusters had significant support (Suzuki 
& Shimodaira, 2006). I used discriminate function analyses to determine how accurately 
individual brains could be classified into a priori groups. This was visualized by 
presenting inertia ellipses overlaid on the biplot of the discriminant factors per female 
phenotype via package ade4 (Chessel et al., 2004). Press’s Q statistic was calculated for 
both the full model and a leave-one-out cross-validation model to assess whether 
groupings were classified at a probability greater than chance. 
Microglomeruli (synaptic) structure 
Brains from minor workers (N = 14), soldiers (N = 10) and winged gynes (N = 
11) sampled from three queenright lab colonies were processed according to modified 
protocols (Groh & Rössler, 2011; Giraldo et al., 2016). Brains were dissected in ice-cold 
HEPES-buffered saline and fixed at 4°C overnight on a rotator in 4% paraformaldehyde 
in 0.1M PBS. Brains were washed (3 x 20 minutes) in 0.1M PBS, before embedding in 
low melting point agarose (5.5g/mL PBS). A Leica VT1200S vibratome was used to 
produce 100µm thick sections in the horizontal plane. Sections were treated with 2% and 
0.2% PBST each for 20 minutes to permeabilize the tissue before blocking for one hour 
at room temperature on a plate shaker in NGS (2% in 0.2% PBST). Sections were then 
incubated for at least three nights at room temperature while covered in foil on a plate 
shaker in SYNORF1 (1:50) and AlexaFluor488-phalloidin (1:500) in 0.2% PBST. Brain 
sections were then washed in 0.1M PBS (5 x 20 minutes) and incubated overnight at 
room temperature while covered in foil on a plate shaker in AlexaFluor568 goat anti-
  
94 
mouse secondary antibody (1:250) in 1% NGS-PBS. Lastly, sections were incubated 
overnight in 60% glycerol-PBS followed by 80% glycerol-PBS (30 minutes) and then 
mounted in 80% glycerol-PBS on glass slides sealed with nail polish. Prepared slides 
were imaged on an Olympus Fluoview FV10i inverted laser scanning confocal 
microscope at 60X. Snapshot images (1.55µm thick) in a plane which the MB peduncle 
bisects the MB calyxes were captured. 
One lateral and one medial calyx, coded to blind the observer to female phenotype 
during image processing, were imaged for each individual. Modified protocols (Stieb et 
al., 2010; Groh & Rössler, 2011; Giraldo et al., 2016) were used to measure MG density 
and size. Two adjacent circles (400µm2 each) were overlaid in the non-dense lip region 
and one circle (400µm2) was overlaid on the collar region of each calyx. All MG, 
excluding those intersecting the circumference lines of the circles, were counted using 
Fiji software at high digital magnification (300X). To measure the longest aspect of MG 
boutons, a grid (10µm2 squares) was overlaid on the predefined circles and a random 
number generator was used to select five squares in which all MG within the square or 
intersecting the top and right borders were measured. Average density of the lip and 
collar MG (MG/µm3) were calculated for each individual from counts of MG and divided 
by the volume of the region. Similarly, average bouton length was calculated for each 
individual for the lip and collar region. I estimated the total number of MG in each 
hemisphere by averaging lip and collar density, using the average MBC volume from 
whole brains described above. 
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Statistical analysis of MG structure 
ANOVA was used to examine effects of female phenotype on MG density and 
size in the lip and collar regions and the estimated total number of MG. Shapiro and 
Bartlett tests were used to assess the assumptions of residual normality and 
homoscedasticity, and assumptions were met for all five MG metrics. Post-hoc Tukey 
HSD tests were employed to determine the significance of pairwise comparisons if the 
overall effect of female phenotype was determined to be significant. All analyses were 
conducted in R (version 3.3.2). 
RESULTS 
Brain size and compartment scaling  
There was a significant effect of female phenotype on whole hemisphere volume 
(ANOVA: F2, 57 = 5.29, p = 0.008, Figure 5.1). Post-hoc Tukey tests revealed that gynes 
had significantly larger brain volumes than minors (p = 0.01) and soldiers (p = 0.02), 
which did not differ from each other (p = 0.98). All six brain subregions had similar 
slopes (p > 0.05) across castes and subcastes; therefore, grade shifts and axis shifts were 
examined to explore differences in compartment proportional investment and overall 
mean size, respectively (Table 5.1; Figure 5.2). All subregions with the exception of the 
positively allometric AL and MBP displayed isometry with the RH. There were overall 
size differences indicated by axis shifts in all but the MBC and MBP. Grade shifts were 
evident in all regions except the AL and SEZ, gynes and majors had disproportionately 
large OL and CB, but minors had larger MBC and MBP.  
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Although groups appeared to separate according to neural phenotype, clusters 
were not statistically supported by multiscale bootstrapping (gyne cluster: AU p-value = 
0.84, SE = 0.01, soldier cluster: AU p-value =0.18, SE = 0.05 minor worker cluster: AU 
p-value = 0.44, SE = 0.07; Figure 5.3a). However, when assigned group membership a 
priori in discriminate function analyses, individual brains were correctly classified 
according to group in at least 80% of cases, which was significant (full model: Press’s Q 
= 102.68, p < 0.0001; leave-one-out: Press’s Q = 67.5, p < 0.0001; Figure 5.3b; see 
discussion). 
MG structure 
Minor workers, soldiers, and gynes varied in the density, size, and estimated 
number of MG (Figure 5.4). Female phenotype significantly affected MG density in the 
lip (ANOVA: F2, 32 = 8.94, p < 0.001; Figure 5.5a) and collar regions (ANOVA: F2, 32 = 
9.84, p < 0.001; Figure 5.5b).  Minor workers had significantly less dense MG than 
soldiers and gynes. Caste and subcaste identity significantly affected average bouton size 
in the lip (ANOVA: F2, 32 = 9.21, p < 0.001; Figure 5.5c); minor workers had larger 
boutons. Similarly, minor workers had larger boutons in the collar, but this trend was not 
significant (ANOVA: F2, 32 = 2.62, p = 0.088; Figure 5.5d). When lip and collar density 
were averaged to account for potential heterogeneity in calyx density and then multiplied 
by the average MB calyx volume for each group, it was found that minors had 
significantly less estimated total MG than soldiers and gynes (ANOVA: F2, 32 = 8.88, p < 
0.001; Figure 5.6). In all comparisons, soldiers and gynes did not significantly differ in 
MG metrics (Tukey HSD tests p > 0.05). 
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DISCUSSION 
Female phenotype, brain size, and compartment scaling 
Volumetric analyses revealed that C. varians gyne brains were significantly larger 
than those of soldiers and minors, which did not differ. This result was inconsistent with 
my prediction that soldiers and gynes would have similarly sized brains based on relative 
body size. However, my predictions regarding substructure scaling across castes and 
subcastes were supported: minors invested proportionally more in the MBs, suggesting 
their importance in generating a diverse behavioral repertoire, and gynes had both 
absolutely and relatively larger OLs and CBs, supporting the role of visual systems 
during mating flight navigation and dispersal. Soldier brain structure appeared to be 
intermediate between that of minors and gynes in both mean (axis shifts) and relative 
(grade shifts) size. These patterns were consistent with results of multivariate analyses of 
whole brains that suggest soldiers have an intermediate brain phenotype. Although the 
three groups separated neuroanatomically in multivariate space, differences were 
significant when group identity was specified a priori in discriminate analysis, but not in 
the unsupervised hierarchical cluster analysis. This indicates greater brain composition 
overlap between castes and subcastes, but differences in relative volumes of the OLs and 
MBs. In paper wasps, workers have proportionally larger OLs and smaller MBs than 
queens (O’Donnell et al., 2014), but the pattern is reversed in C. varians. Although caste-
specific patterns may differ, their neuroecological basis may be similar. Increased relative 
size of the OL is associated with the importance of vision during flight in paper wasp 
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workers (O’Donnell et al., 2014), and C. varians gynes would appear to overlap in the 
demands for processing visual information during their dispersal flight. Disproportionate 
allocation of neuropil to MBs may be explained in paper wasps by cognitive demands 
associated with reproductive competition (O’Donnell et al., 2011), whereas the diverse 
task repertoire of sterile C. varians minor workers may require greater sensory processing 
capability. However, it is not completely understood how sensory processing and 
cognitive ability are represented in brain compartment scaling relationships. 
MG structure 
MG structural variation across C. varians female phenotypes was used to examine 
the association of synaptic organization and behavior. Results support the hypothesis that 
extreme behavioral specialization is reflected in synaptic structure, although not always 
in the direction I predicted. MG metrics were similar in soldiers and gynes, suggesting 
morphology and brain organization are coupled, in spite of apparent life-history 
differences in behavior. Gynes disperse by flight from their parental nest, mate, shed their 
wings, and then initiate new colonies. Flight should require navigational abilities, and 
colony foundation involves performing tasks broadly ranging from nursing immatures to 
blocking intruders from entering nests. Only the latter task overlaps with the soldier 
repertoire, but MG organization in gynes and soldiers is similar, suggesting that soldiers 
and gynes share similar developmental trajectories. 
I predicted that minor workers would have more densely packed MG, 
underscoring the need for cognitive processing associated with their extensive repertoire. 
Although minors had fewer MG, possibly reflecting an interaction between absolute brain 
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size and MG number (Groh et al., 2014), patterns of MG density and size were contrary 
to my predictions of an association with repertoire. MG were larger and less dense in 
minor workers than in soldiers and gynes; I interpret these patterns in light of behavioral 
(and morphological) specialization across caste and subcaste in the following way. In 
eusocial hymenopterans, MG density, size, and number have been associated with 
temperature during development (Groh et al., 2004, 2006; Falibene et al., 2016), learning 
and memory (Hourcade et al., 2010; Falibene et al., 2015), behavioral maturation 
(Krofczik et al., 2008; Stieb et al., 2010, 2012; Groh et al., 2012; Scholl et al., 2014; 
Muenz et al., 2015; Yilmaz et al., 2016), resilience to aging (Giraldo et al., 2016), 
robustness to sensory injury (Waxman et al., 2017), and division of labor (Groh et al., 
2014; Kamhi et al., 2017). Interspecific comparisons show increases in MG density 
correlate with greater social complexity (Groh & Rössler, 2011; Kamhi et al., 2017), 
supporting the idea that the number of MG, often approximated by MG density, is 
associated with cognitive processing capability. Intraspecific comparisons of patterns of 
MG structure between reproductives and workers or across polymorphic workers, 
however, are inconsistent in their association with division of labor. Honeybee queens 
have larger, less dense, and fewer MG in smaller MBCs than workers, perhaps 
contributing to their relatively weak learning performance (Groh et al., 2006; Groh & 
Rössler, 2008). In the strongly polymorphic fungus-tending ant Atta vollenweideri, MG 
density was constant across size-variable workers; larger workers had correspondingly 
larger brains and absolutely more MG than smaller workers (Groh et al., 2014). Fewer 
MG may constrain cognitive processing abilities, although behavioral limitations inferred 
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from reduced task repertoires may not occur. Kamhi et al. (2017), for example, found no 
significant differences in MG between task-generalist major workers and brood-care 
specialist minor workers when interactions with age were excluded. Additionally, in 
Pheidole rhea, the largest-bodied workers (supersoldiers) had less dense and larger lip 
MG than smaller soldiers and minors workers, but showed no differences in estimated 
absolute MG number (Gordon et al., 2017a in prep.). P. rhea minor workers have broader 
repertoires than those of other worker size groups in this species (Gordon et al., 2017b in 
prep.). However, performance assays of nestmate recognition, nest-search behavior, and 
trail pheromone detection and following ability did not indicate differences across worker 
size classes that could clearly linked to synaptic structure (Gordon et al., 2017a in prep.).  
Increases in worker MG density may occur in response to transient learning 
(Hourcade et al., 2010; Falibene et al., 2015), and decreases in MG density may be 
associated with age, visual experience, and development of navigational ability (Stieb et 
al., 2010, 2012). However, in some ant species MG density in the collar (Yilmaz et al., 
2016) or lip (Falibene et al., 2015) increase for several weeks post eclosion. Comparisons 
between 20 and 95 day old Pheidole dentata minor workers found no significant 
differences in lip MG density or behavioral performance (Giraldo et al., 2016), 
suggesting MG structure is robust to aging. The temporal dynamics of MG organization 
suggest that variation in individual experience and corresponding variation in MG 
structure is superimposed on a robust plastic neural architecture influenced by age and 
associated with behavioral maturation (Fahrbach & Van Nest, 2016).  
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Age-related repertoire expansion, the increase in task diversity (Seid & Traniello, 
2006) and efficiency (Muscedere et al., 2009) with age, provide insight into how higher-
order processing demands may relate to synaptic organization. Electron microscopy (EM) 
studies of P. dentata minor workers showed decreases in lip bouton density and increases 
in bouton size and number of synapses and vesicles with increasing minor worker age 
(Seid et al., 2005). Quantifying MG immunohistochemically provides a more rapid, but 
less detailed, assessment of synaptic remodeling that yields similar results to EM (Groh et 
al., 2012). Increased behavioral capability is generally associated with decreased MG 
density and increased bouton size (Stieb et al., 2010, 2012; Groh et al., 2012; Scholl et 
al., 2014; Muenz et al., 2015), and increased relative volume of MBs (Withers et al., 
1993; Muscedere & Traniello, 2012). Consistent with these associations, C. varians task-
generalist minor workers had larger, less dense MG in their disproportionately large 
MBCs compared to more specialized soldiers and gynes. However, C. varians gynes 
have a more extensive repertoire than soldiers, but similar MG structure, although minors 
show more diverse behavior. This may be because I assessed virgin gyne brain structure, 
which likely changes after mating and during colony foundation (Julian & Gronenberg, 
2002). MG changes may occur during the incipient stages of colony growth, when queens 
perform a wide array of tasks. Differences in MG density and size may thus be a function 
of experience-expectant or experience-dependent development. Soldiers, gynes, and 
inexperienced (newly eclosed) minors might have small and more dense MG, but with 
experience, synaptic pruning and bouton expansion may occur, indicated by MG 
structure. Since mature soldiers are extremely specialized and limited in experience, they 
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may not undergo synaptic remodeling. However, after leaving the natal nest or following 
insemination neuronal activity that may trigger synaptic remodeling could occur in the 
brain of gynes (Riccomagno & Kolodkin, 2015). 
Brain structure and caste evolution 
Analyses of brain structure may help resolve developmental questions of caste 
differentiation because brain phenotypes offer insights into the linkage of caste and 
behavioral specialization, and in particular, the evolution of novel morphological 
variation (Baroni Urbani, 1998; Molet et al., 2012, 2014; Rajakumar et al., 2012; Peeters 
et al., 2013; Londe et al., 2015; Trible & Kronauer, 2017). Workers specialized on 
defense (soldiers) are thought to have originated by modifying the developmental 
trajectory of queens (Baroni Urbani, 1998), reprogramming worker larval growth rules 
(Wheeler, 1991), combining queen and worker developmental modules (Molet et al., 
2012, 2014; Londe et al., 2015), or altering caste determination mechanisms related to 
body size on the queen-worker developmental continuum (Trible & Kronauer, 2017). The 
latter two processes seem congruent, as both predict soldiers are phenotypic intermediates 
between queens and workers and that their evolution requires size variation within 
colonies (Planqué et al., 2016) that may be affected by the ability to produce such 
intermediate phenotypes (Molet et al., 2012, 2014; Londe et al., 2015; Trible & 
Kronauer, 2017). However, these models generate different predictions about how brains 
evolve in a novel caste. Brain evolution is often conceptualized as a balance of 
independent and constrained processes (Striedter, 2005; Powell & Leal, 2012; Gutiérrez-
Ibáñez et al., 2014; Montgomery et al., 2016). The mosaic model of brain evolution 
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posits that selection can act independently on individual brain regions, due to variation in 
genetic architectures regulating size, resulting in allometries without concurrent changes 
in overall brain size (Barton, 1996, 2007; Barton & Harvey, 2000; de Winter & Oxnard, 
2001; Iwaniuk et al., 2004; Gonzalez-Voyer et al., 2009; Hager et al., 2012). Concerted 
brain evolution suggests variation in brain size is generated by predictable developmental 
events linking brain regions and the brain as a whole (Finlay & Darlington, 1995; Finlay 
et al., 2001, 2011; Charvet et al., 2011; Yopak et al., 2015). Brain compartment scaling 
data can be used to test these models in relation to caste evolution. 
If intercastes characterized by novel combinations of queen and worker modules 
are significant in the origin of soldiers, then brain composition should be adaptively 
modular, and differences between castes and subcastes should be evident in compartment 
scaling relationships that are independent of overall brain and body size. This indicates 
mosaic brain evolution, in which selection is acting on compartment-specific cognitive 
processing mechanisms and their behavioral output. Mosaic brain architecture has been 
demonstrated in dimorphic Pheidole species (Muscedere & Traniello, 2012), although 
significant associations with brain size and body size occur (Ilieş et al., 2015). In 
contrast, if minor workers and queens occupy extremes along a body size-related caste 
continuum, then brain region scaling should be influenced by body size. This continuum 
hypothesis is similar to the concept of developmental constraint, as both allow for 
tissue/neuropil-specific growth relationships with body size that could differ among 
castes and generate adaptive brain allometries. My results on C. varians represent a 
developmentally static “snapshot” of brain scaling relationships in a species in which 
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soldiers resemble an intermediate form between minors and gynes. Soldier brain volumes 
do not significantly differ from those of minors, but are significantly smaller than those 
of queens, suggesting that brain size is decoupled from body size. Although brain size 
does not differ between minor and soldiers, regions vary in relative volume and mean 
size, and soldier/gyne similarity is reflected in some scaling relationships. Taken 
together, patterns of soldier brain size and compartment scaling compared to those of 
minors and gynes are consistent with a mosaic model of brain evolution and suggests an 
intercaste origin of soldiers. Similarities in the MG organization of soldiers and gynes do 
not necessarily provide evidence of shared development or origin. MG are structurally 
and temporally dynamic, and compared to brain volumes may track age and experience 
on a shorter time span in different ways. My MG data represent a single time point and I 
am therefore unable to resolve differences in development, experience, or the interaction 
of these factors. 
Conclusions 
Integrating morphology, behavior, and neuroanatomy can illuminate 
developmental and evolutionary processes involved in caste differentiation in 
polymorphic insect societies. Cephalotes morphological specialization is a consequence 
of ecological pressures (Powell, 2008, 2009, 2016; Planqué et al., 2016). Soldiers of 
Cephalotes appear to be queen/worker mosaics possessing a worker-like thorax and 
queen-like abdomen and body size (Molet et al., 2012). C. varians soldiers and founding 
queens have a similarly structured phragmotic heads, and both function in nest entrance 
defense (S. Powell personal communication). I found a queen/worker intermediate 
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structure of soldier brains in respect to compartment organization and similarity in 
synaptic circuitry. This overlap between gyne and soldier brain phenotypes may be a 
consequence of the integration of morphological, behavioral, and neurobiological traits 
during development. 
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TABLES AND FIGURES 
 
Table 5.1. SMA analyses of log transformed regions of interest and RH volumes for 
different female groups. Abbreviations given in Methods 
  OL  AL MBC  MBP  CB  SEZ  
Shared 
β  
1.25 1.20 1.11 1.28 1.06 1.07 
95% CI 1.03, 1.52 1.07, 1.34 0.98, 1.25 
1.25, 
1.43 
0.89, 1.25 0.94, 1.22 
β ≠ 1? no yes no yes no no 
χ 2 5.15 9.95 4.23 18.22 4.98 2.45 
p-value 0.16 0.02 0.24 0.0003 0.17 0.48 
Grade 
shift 
Gyne = 
soldier > 
minor 
no 
Minor  > 
soldier > 
gyne 
Minor > 
soldier >  
gyne 
Gyne = 
soldier > 
minor 
no 
W2 113.2 4.66 66.71 93.46 19.45 1.86 
p-value < 0.0001 0.10 < 0.0001 < 0.0001 <0.0001 0.39 
Axis 
shift 
Gyne > 
soldier > 
minor 
Gyne > 
soldier = 
minor 
no no 
Gyne > 
minor, 
soldier 
intermediate 
Gyne > 
minor, 
soldier 
intermediate 
W2 51.96 9.82 3.83 3.79 17.51 9.56 
p-value < 0.0001 0.007 0.15 0.15 0.0002 0.008 
 
  
107 
 
Figure 5.1. (a) C. varians female castes and brains to scale (b) False-colored template 
brains of gynes, soldiers, and minor workers (OL: blue, AL: green, MBC: yellow, MBP: 
orange, CB: purple, ROCB: gray, SEZ: not shown). 
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Figure 5.2. Scaling relationships between (a) OL, (b) AL, (c) MBC, (d) MBP, (e) CB, and 
(f) SEZ volumes with the rest of hemisphere volume (in µm3) across caste and subcaste.
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Figure 5.3. Multivariate assessments of brain organization. Minor: red, soldier: green, 
gyne: blue. (a) Dendrogram with AU p-values at nodes from hierarchical analysis. (b) 
Inertia ellipses with center of mass determined from discriminate function analysis.   
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Figure 5.4. Organization of MG in representative images of a (a) minor, (b) soldier, and 
(c) gyne. (a-c) Scale bars = 50µm. (d) Example of MG quantification in an image of a 
gyne brain. Inset magnification shows distal lip circle. 
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Figure 5.5. (a, b) MG density and (c, d) size in the (a, c) lip and (b, d) collar in minors (N 
= 14), soldiers (N = 10), and gynes (N = 11). Tukey HSD p-value: NS,> 0.05; * <0.01; ** 
<0.001. 
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Figure 5.6. Estimated number of MG in the MBCs of one hemisphere in C. varians 
females (minors: N = 14, soldiers: N = 10, and gynes: N = 11). Tukey HSD p-value: NS 
> 0.05, * <0.01. 
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CHAPTER SIX: SUMMARY AND CONCLUSIONS 
 
Ants represent a single remarkably diverse hymenopteran family of more than 
15,000 species. The neurobiological mechanisms that accompanied the evolution of 
worker size variation and behavior, as well as colony structure (Oster & Wilson, 1978; 
Powell, 2009; Wills et al., 2014; Trible & Kronauer, 2017), as elements of ecological 
adaptation are largely unknown. Moreover, the relationships between morphological 
differentiation, task specialization and neuroarchitecture are unclear. For example, major 
workers of the Australasian weaver ant O. smaragdina are task generalists, whereas 
smaller-bodied minor workers specialize on intranidal tasks. This pattern of worker 
morphological and behavioral differentiation, which differs from what has been typically 
described in other dimorphic groups, is reflected in subcaste differences in 
neurochemistry (Kamhi et al., 2015), but not in MB scaling, or MG patterns of density 
and size (Kamhi et al., 2017). Additionally, the branching pattern of an extrinsic 
serotonergic MB calyx neuron in P. dentata is more complex in specialist soldiers, in 
contrast to the expected relationship between the structure of this neuron and expected 
function in neural processing associated with strong subcaste differences in behavioral 
repertoire (Giraldo et al., 2013). Careful consideration of trait integration in complex 
insect societies is necessary to reveal the nature and significance of behavioral 
specialization and its underlying neural organization in the evolution of division of labor.  
My dissertation examined associations among worker morphology, brain 
anatomy, and behavior in relation to division of labor, caste differentiation, and social 
brain evolution using a pair of myrmicine ant genera, Pheidole and Cephalotes, as 
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models. I provided evidence that P. rhea, which has three size classes of workers, can be 
considered to be soldier-polymorphic (Huang & Wheeler, 2011). The nature of the 
relationships among worker morphology, brain size and compartment scaling, and 
behavioral repertoire support the designation of two subcastes in P. rhea: minor workers 
and polymorphic soldiers. Despite differences in body size between soldiers and 
supersoldiers, these workers remain undifferentiated in other aspects of body form, neural 
phenotype, and behavior. Although workers of all sizes share considerable similarities in 
behavioral repertoire, they exhibit subtle quantitative differences measured as 
proportional act frequencies, which may be coupled with differences in efficiency or 
efficacy in task performance, giving ecological relevance to the tremendous size variation 
in this species. I interpreted this in the context of P. rhea’s basal position in Pheidole 
phylogeny (Moreau, 2008) and shared developmental pathways (Rajakumar et al., 2012). 
P. rhea morphology, neuroanatomy, and behavior may represent an ancestrally plastic 
phenotype that has served as the basis for hyperdiversification in Pheidole.  
Understanding the neural basis for social insect behavior can be furthered by 
complementing brain volume studies with analyses of synaptic circuitry (Seid et al., 
2005, 2008; Lihoreau et al., 2012; Kamhi et al., 2017). I conducted fine-scaled 
neurobiological and behavioral analyses to examine the relationship of behavioral 
performance and synaptic organization in P. rhea, and found limited differences in 
behavioral performance in three extranidal tasks. I determined that P. rhea supersoldiers 
responded to trail pheromone at lower concentrations than did other size classes but at 
higher pheromone concentrations all workers were similarly responsive. Additionally, 
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workers did not differ significantly in patterns of nest search behavior, implying that 
there are no differences in internal pattern generators. Workers of all sizes had similar 
avoidance, olfactory, and aggressive responses in assessments of nestmate recognition. 
This similarity in behavioral performance did not completely map onto MG organization. 
There were differences observed in MG size and density across subcastes that appear to 
be a function of brain size. When estimating absolute number of MG with calyx volume, 
size-variable workers had equal numbers of MG. The biomechanical consequences of 
supersoldiers having disproportionately large heads could explain the modest differences 
in trail detection, and their absolutely larger brain volume could explain differences in 
MG size and density. The importance of size as a differentiating factor across P. rhea 
worker morphology, behavior, and neuroanatomy is compatible with a recent synthesis of 
developmental mechanisms emphasizes the role of body size during caste evolution 
(Trible & Kronauer, 2017). Phenotypic overlap, such as MG number across worker 
subcastes, could be a result of imperfect associations between body size and caste 
determination mechanisms (Trible & Kronauer, 2017), and/or may suggest a functional 
relationship between behavioral plasticity and MG structure, reflecting another layer of 
neural conservation in an ancestral Pheidole system.  
To further investigate synaptic organization in association with age, subcaste, and 
species differences in behavioral specialization in Pheidole, I sampled P. dentata and P. 
morrisi minor workers and soldiers within the first week after eclosion and at behavioral 
maturity as assessed by cuticular pigmentation. Patterns of MG density and size 
supported the hypotheses that synaptic pruning and bouton expansion occurs in 
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association with behavioral maturity. Species level differences indicated that the 
absolutely smaller brains of P. dentata (Muscedere & Traniello, 2012) may result in 
fewer MG that are packed more densely compared to P. morrisi. However, it was 
difficult to reconcile subcaste patterns in the absence of species interaction effects. P. 
morrisi soldiers are behaviorally comparable to minor workers (Patel, 1990), thus I 
expected subcaste effects to be attenuated in this species. However, no species-subcaste 
interactions were found. Instead, soldiers had denser MG in the lip region and mature 
soldiers were estimated to have more MG than other groups. The absence of 
species/subcaste interaction effects may be explained by the ecologically relevant 
interactions in which P. morrisi soldiers engage in field colonies. These competitive 
interactions may be necessary to stimulate synaptic pruning, and thus lab reared soldiers 
may never receive the necessary behavioral stimulus for synaptic remodeling.  
Similar patterns of MG density and size in association with behavioral differences 
emerged from studies of C. varians. Minor workers had fewer, less dense, and larger MG 
compared to soldiers and gynes. This suggests synaptic pruning related to behavioral 
experience, although soldiers and gynes showed no differences in their synaptic 
organization. Furthermore, scaling relationships between castes and subcastes showed 
that there was modest differentiation across female forms in brain anatomy, which was 
primarily driven by disproportionally larger MBs in minor workers and OLs in gynes. 
Soldiers appear to represent an intermediate between gynes and minor workers in brain 
composition. Overall brain size did not differ between minor workers and soldiers, but 
scaling relationships between different regions with the rest of the brain did. Soldier 
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brains appear to have a combination of gyne- and worker-like features, suggesting they 
originated as developmental mosaics or intercastes. Supporting this designation, soldiers 
share morphological (head shape) and behavioral (nest entrance blocking) specialization 
with founding queens. Morphology, brain structure and organization, and behavior seem 
to be integrated within castes and subcastes in C. varians, and overlap between soldiers 
and gynes may be due to the developmental modules associated with supporting similar 
specialized behavior.  
My dissertation introduced new concepts of quantitative and qualitative 
specialization to describe variation in behavioral performance across size-variable 
workers. It appears that Pheidole and Cephalotes differ in how workers are specialized, 
and thus how their brains are organized. P. rhea workers perform similar tasks, but 
possibly with different frequency, efficacy, or efficiency, such that the behavioral 
differences between size-variable workers are more quantitative than qualitative. In 
contrast, C. varians minor workers and soldiers are discretely separated in task 
performance, and are qualitatively different in behavior. These differences in quantitative 
or qualitative behavioral specialization seemed to correspond to body morphology and 
synaptic circuitry. In Pheidole, size appears to be an important aspect of morphological 
specialization, whereas in C. varians, there are more discrete differences in 
morphological form. Interestingly, the type of behavioral specialization corresponded to 
synaptic circuitry differences across workers in P. rhea and C. varians. P. rhea MG 
density and size across worker groups seemed to be influenced by differences in calyx 
size with an invariable estimated total number. However, C. varians workers and 
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soldiers’ MG differed in density, size, and number across similarly sized brains, 
potentially emphasizing support for behaviorally discrete female forms. However, 
additional studies are needed to investigate how morphological, neuroanatomical, and 
behavioral phenotypes vary within worker groups, across subcastes and castes, and 
between species to draw more general conclusions about the relationship between worker 
morphological variation, behavioral performance, and brain evolution. The results of my 
dissertation illustrate the challenges in determining the representation of behavior in the 
brain in polymorphic social systems.  
In addition to introducing new concepts in specialization, my dissertation work 
was innovative in approach and integrative in its framework. I used cellular measures of 
brain organization to enhance classic techniques in studying brain size and scaling. By 
correlating patterns of synaptic organization and behavior, I provided a basis of 
comparison for future studies that will link variation in individual behavior with synaptic 
structure. I also applied community ecology analyses in a novel way to interpret 
behavioral data, illustrating the utility of seeking inspiration from other disciplines. 
Conceptually, I merged neurobiology, evolution, and development to address hypotheses 
about phenotypic integration in social insect polyphenisms. This work emphasized the 
importance of brain traits when considering the modularity and integration of phenotypes 
during caste differentiation and subsequent behavioral specialization, and highlighted the 
connections between morphology, behavior, and neurobiology. 
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APPENDIX 1 
A1. Average length (mm ± standard deviation) for each measurement used to generate 
relative morphological characteristics in P. rhea. 
 Minor Soldier Supersoldier 
EML 0.18 ± 0.01 0.24 ± 0.02 0.28 ± 0.02 
DEA 0.25 ± 0.01 0.64 ± 0.08 0.75 ± 0.09 
MBR 0.16 ± 0.02 0.67 ± 0.11  0.85 ± 0.11 
HLE 0.76 ± 0.02 2.23 ± 0.24  3.05 ± 0.25 
HDE 0.66 ± 0.03 1.55 ± 0.14 2.01 ± 0.16 
MAL 1.33 ± 0.04 1.79 ± 0.11 2.11 ± 0.20 
ALH 0.45 ± 0.03 0.73 ± 0.12 1.01 ± 0.18 
TCM 0.55 ± 0.03 0.74 ± 0.03 0.89 ± 0.09 
TCP 0.78 ± 0.04 1.14 ± 0.06 1.38 ± 0.13 
TPP 0.59 ± 0.02 0.92 ± 0.07 1.21 ± 0.13  
PL1 0.38 ± 0.04 0.56 ± 0.06 0.68 ± 0.10 
PH1 0.25 ± 0.01 0.48 ± 0.05 0.64 ± 0.07 
PL2 0.25 ± 0.01 0.39 ± 0.04 0.53 ± 0.09 
PH2 0.22 ± 0.02 0.42 ± 0.03 0.59 ± 0.09 
HW 0.86 ± 0.03 2.41 ± 0.20 3.20 ± 0.31 
HL 1.01 ± 0.05 2.51 ± 0.33 3.29 ± 0.27 
SL 1.09 ± 0.05 1.29 ± 0.06 1.40 ± 0.06 
PW 0.59 ± 0.03 0.96 ± 0.11 1.23 ± 0.09 
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APPENDIX 2 
A2. Average volumes (mm3 ± standard deviation, SD) for one hemisphere and 
constituent brain regions per size class of P. rhea. Proportion of hemisphere neuropil (± 
SD) given in parentheses.  
 
 Minor Soldier Supersoldier 
Hemisphere  7.97 ± 1.13 x 10-3  1.16 ± 0.15 x 10-2 1.43 ± 0.14 x 10-2 
OL 1.63 ± 0.27 x 10-4  
(0.02 ± 0.003) 
3.44 ± 0.89 x 10-4 
(0.03 ± 0.005) 
4.74 ± 1.14 x 10-4 
(0.03 ± 0.007) 
AL 9.00 ± 1.63 x 10-4 
(0.11 ± 0.01) 
1.13 ± 0.16 x 10-3 
(0.10 ± 0.01) 
1.28 ± 0.28 x 10-3 
(0.09 ± 0.01) 
MBC 7.87 ± 1.38 x 10-4 
(0.19 ± 0.02) 
9.26 ± 1.43 x 10-4 
(0.16 ± 0.01) 
1.07 ± 0.13 x 10-3 
(0.16 ± 0.01) 
MBP 7.55 ± 1.47 x 10-4 
(0.13 ± 0.01) 
9.57 ± 1.52 x 10-4 
(0.11 ± 0.008) 
1.17 ± 0.21 x 10-3 
(0.10 ± 0.01) 
CB 7.43 ± 1.48 x 10-5 
(0.009 ± 0.001) 
9.16 ± 1.79 x 10-5 
(0.008 ± 0.002) 
1.12 ± 0.17 x 10-4 
(0.008 ± 0.001) 
SEZ 9.72 ± 1.59 x 10-4 
(0.12 ± 0.01) 
1.66 ± 0.27 x 10-3 
(0.14 ± 0.01) 
2.07 ± 0.21 x 10-3 
(0.15 ± 0.01) 
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APPENDIX 3 
A3. Proportion of observations in each ergonomically relevant category for each size 
class of P. rhea. 
 Minor 
(N = 502) 
Soldier 
(N = 506)  
Supersoldier 
(N =503) 
Hygiene and prophylaxis 0.09 0.15 0.16 
Social contact and interaction 0.21 0.31 0.34 
Brood care 0.18 0.02 0.02 
Foraging, food transport, and processing 0.06 0.06 0.08 
Movement 0.37 0.22 0.18 
Defensive posturing 0.07 0.01 0 
Inactivity 0.02 0.23 0.22 
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APPENDIX 4 
A4. Average volumes (mm3 ± standard deviation, SD) for one hemisphere and 
constituent brain regions per caste and subcaste of C. varians. Proportion of hemisphere 
neuropil (± SD) given in parentheses.  
 
 Minor Soldier Gyne 
Hemisphere  1.26 ± .20 x 10-2  1.28 ± 0.23 x 10-2 1.47 ± 0.22 x 10-2 
OL 5.04 ± 1.03 x 10-4  
(0.04 ± 0.005) 
7.60 ± 1.59 x 10-4 
(0.06 ± 0.007) 
1.03 ± 0.21 x 10-3 
(0.07 ± 0.01) 
AL 1.12 ± 0.22 x 10-3 
(0.09 ± 0.007) 
1.08 ± 0.23 x 10-3 
(0.08 ± 0.006) 
1.28 ± 0.23 x 10-3 
(0.09 ± 0.008) 
MBC 2.40 ± 0.39 x 10-3 
(0.19 ± 0.01) 
2.31 ± 0.47 x 10-3 
(0.18 ± 0.01) 
2.34 ± 0.39 x 10-3 
(0.16 ± 0.01) 
MBP 1.84 ± 0.35 x 10-3 
(0.15 ± 0.008) 
1.62 ± 0.40 x 10-3 
(0.13 ± 0.01) 
1.70 ± 0.35 x 10-3 
(0.12 ± 0.01) 
CB 1.25 ± 0.17 x 10-4 
(0.01 ± 0.001) 
1.49 ± 0.25 x 10-4 
(0.01 ± 0.001) 
1.68 ± 0.35 x 10-4 
(0.01 ± 0.001) 
SEZ 1.36 ± 0.23 x 10-3 
(0.11 ± 0.006) 
1.42 ± 0.25 x 10-3 
(0.11 ± 0.01) 
1.60 ± 0.29 x 10-3 
(0.11 ± 0.01) 
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